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ABSTRACT 
PLANTAR FASCIITIS: BIOMECHANICS, ATROPHY AND MUSCLE ENERGETICS 
 
MAY 2010 
 
RYAN CHANG, B.H.K., UNIVERSITY OF BRITISH COLUMBIA 
 
M.Sc., McGILL UNIVERSITY 
 
Ph.D. CANDIDATE, UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Joseph Hamill 
 
 
Purpose:  The purpose of this dissertation was to determine the effects of chronic plantar 
fasciitis on intrinsic foot structures with respect to biomechanics, muscle atrophy and 
muscle energetics.  This was accomplished in three parts.  
Methods:  In Part I, a three-dimensional motion capture system with a synchronized 
force platform quantified multi-segment foot model kinematics and ground reaction 
forces associated with walking.  Healthy individuals were compared to individuals with 
chronic plantar fasciitis feet.  Typical kinematic variables, measures of coupling, phase 
and variability were examined in rearfoot, forefoot and hallux segments.  In Part II, foot 
and leg magnetic resonance images were taken in subjects with unilateral plantar fasciitis 
so that within each subject, the healthy limb could be compared to the plantar fasciitis 
limb.  Cross sectional areas (CSA) of the plantar intrinsic foot muscles (PIFM) and 
tibialis posterior muscle were computed from user-digitized images.  In Part III, the 
metabolic demands of the PIFM were evaluated using phosphorous magnetic resonance 
spectroscopy at rest and after barefoot walking.  Muscle pH and the ratio of inorganic 
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phosphate to phosphocreatine (Pi/PCr) were compared in healthy and plantar fasciitis 
feet.   
Results:  In comparison to healthy feet, plantar fasciitis feet exhibited significantly (p < 
0.05): 1) greater rearfoot motion, 2) greater sagittal plane forefoot motion, 3) fewer 
rearfoot-forefoot frontal anti-phase movements, 4) reduced rearfoot-forefoot transverse 
coordinative variability, 5) greater first metatarsophalangeal (FMPJ) joint dorsiflexion, 6) 
greater FMPJ-medial longitudinal arch (MLA) coupling variability, and 7) decreased 
vertical ground reaction forces at propulsion.  Also, plantar fasciitis feet had 5.2% smaller 
PIFM CSA at the forefoot compared to contralateral healthy feet.  No CSA differences 
were seen in the rearfoot PIFM or at the tibialis posterior muscle.  The PIFM of healthy 
and PF feet were not significantly different in resting intracellular levels of pH or Pi/PCr, 
and there were no significant differences in the increase of Pi/PCr from rest to post-
walking.   
Conclusions: In Part I, it was concluded that plantar fasciitis feet exhibit kinematics 
which are consistent with theoretical causation of the plantar fasciitis injury, that is, the 
plantar fasciitis foot exhibits excessive motion.  Fewer number of anti-phase movements 
exhibited by plantar fasciitis feet may be an indication of pathology.  The ground reaction 
force results suggested a compensatory pain response.  In Part II, it was concluded that 
atrophy of the forefoot PIFM may destabilize the medial longitudinal arch and prolong 
the healing process.  Lastly in Part III, it was concluded that resting energetics were 
consistent with muscle free of systemic disease or neuromuscular pathology.  The 
presence of plantar fasciitis did not elicit systematic asymmetries in the metabolic 
response in comparison to healthy feet.   
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Clinical Relevance: These kinematic results provided some evidence to support the 
clinical assertion that excessive motion is related to plantar fasciitis.  These results also 
support treatment modalities which clinicians currently use to reduce rearfoot eversion, 
flattening of the medial longitudinal arch and dorsiflexion of the FMPJ (e.g. foot 
orthoses, insoles, taping, rocker soles).  When treating plantar fasciitis patients, clinicians 
should assess for PIFM and tibialis posterior muscle atrophy and prescribe targeted 
exercises when appropriate.  
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CHAPTER I 
DEVELOPMENT OF THE PROBLEM 
 
Introduction 
The framework for how biomechanists currently view the human foot is heavily 
influenced by the early work of anatomists, orthopaedic surgeons and podiatrists.  From 
the 1940s onward, dissections and cadaver experiments of the foot focused on two 
fundamental research goals: first, to describe the morphological details of the numerous 
anatomical structures of the foot (i.e., 28 bones, 33 joints and over 100 soft tissue 
elements); and second, to infer from the anatomy the mechanical interactions between 
these structures during static and dynamic tasks.  
One particularly intriguing mechanical aspect of the foot is its coordinated 
transition from a compliant structure in early stance to a rigid structure during push-off.  
This aspect was realized in early research and continues to be heavily discussed in the 
literature.  Mechanical models based on the medial longitudinal arch, the midtarsal joint, 
and intrinsic foot muscles, were put forth to explain this phenomenon (Manter, 1941; 
Hicks, 1953; Elftman, 1960; Mann and Inman, 1964; Bojsen-Moller, 1979).  These 
models qualitatively described the foot in terms of three functional units: rearfoot, 
forefoot and hallux (Figure 1).  For instance, in the model regarding locking of the 
midtarsal joint, Bojsen-Moller (1979) discussed the coordination of the rearfoot and 
forefoot segments and proposed that the relative positions of these two segments dictated 
the overall stiffness of the foot.  It is believed that the midtarsal joint locks when there is 
forefoot pronation coupled with rearfoot supination.  Presumably important for an 
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effective push-off, forefoot pronation and rearfoot supination occurs in late stance of gait 
(Figure 2) (Bojsen-Moller, 1979)  
 
Figure 1.  Bones (italicized) and segments (bolded) of the healthy human foot 
(adapted from Gray, 1918). 
 
 
Figure 2.  A kinematic plot based on the qualitative descriptions of Bojsen-Moller 
(1979) for rearfoot (RF) and forefoot (FF) pronation- (Pro) supination (Sup) 
during stance.  From the perspective of phase, coordination of the RF and 
FF coupling are considered in-phase in early stance and anti-phase in late 
stance (Chang et al., 2008). 
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The realization that the foot is both compliant and rigid significantly influenced 
the understanding of foot function and medical practice.  The influence of compliant-
rigid models can be seen in clinical podiatric and foot orthotic literature (Root et al., 
1977; Valmassy, 1995).  They are also seen in the designs of the solid-ankle cushion-heel 
(SACH) foot prosthetic in which a combination of compliant and rigid materials were 
incorporated (Inman, 1976; Inman et al., 1981).  Although the application of these 
compliant-rigid models is widespread, their underlying mechanics have not been 
observed in vivo using modern day quantitative biomechanical techniques.  
Consequently, there is limited quantitative information on mechanics that unfold within 
the foot during gait.   
Traditionally, in vivo human joint kinematics are analyzed using a link-segment 
model with the foot modeled as a single rigid segment (White et al., 1989; Areblad et al., 
1990; Robertson et al., 2004).  While this technique has provided substantial insight into 
the movements at the hip, knee and ankle (Cavanagh, 1987; Winter et al., 1990; 
Vaughan, 1996; Sutherland, 2002), a significant limitation of this approach is that 
kinematic solutions cannot be derived for the intrinsic foot structures (Kidder et al., 
1996).  Therefore, use of the traditional link segment model has not improved the 
understanding of intrinsic foot segmental coordination.   
In addition to intrinsic segment kinematics, examination of intrinsic foot muscles 
has been equally problematic and has received little attention in the literature.  Little is 
known about these muscles’ force-producing capabilities and their activation patterns 
during gait.  Many intrinsic muscles span numerous articulations and are deep to the skin, 
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making them difficult to study in vivo.  Notwithstanding the limitations of interpreting 
dynamic electromyograms, only one study has investigated intrinsic foot muscle activity 
during gait (Mann and Inman, 1964).  As a result, there is little quantitative data that is 
necessary for the development of theoretical and clinical knowledge of healthy foot 
muscle function.  Even less is known about how muscle size and muscle activity are 
affected when the foot is injured.  
The aetiology of chronic plantar fasciitis is a closely related topic that necessitates 
information on the intrinsic foot structures.  The plantar fascia is an aponeurotic tissue 
that provides stability to the medial longitudinal arch of the foot (Huang et al., 1993).  
Plantar fasciitis is a debilitating disorder of the foot that affects more than two million 
Americans per year (Pfeffer et al., 1999).  It is believed that plantar fasciitis is a 
deterioration of the plantar fascia, which manifests from excessive and/or repetitive 
loading (Warren, 1990; Wearing et al., 2006).  The most cited cause of this excessive 
load is the pes planus (flat) foot (synonymous with subtalar joint overpronation in many 
reports) (Subotnick, 1981; Taunton et al., 1982; Shama et al., 1983; Kwong et al., 1988; 
Prichasuk and Subhadrabandhu, 1994).  ‘Excessive’ flattening of the medial arch and 
‘excessive’ rearfoot eversion are qualities of the pes planus foot that are believed to 
increase loading on the plantar fascia.  However, studies that have measured these 
mechanical features in healthy individuals and plantar fasciitis individuals have not found 
an association between plantar fasciitis and ‘excessive’ mechanics (Warren, 1984; 
Messier and Pittala, 1988; Rome et al., 2001; Wearing et al., 2004).  To this end, the 
aetiology of plantar fasciitis is not well understood. 
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The majority of studies on plantar fasciitis have focused on aspects of joint 
kinematics, while aspects of muscle size and activation have not been explored.  It has 
been shown that pain associated with plantar fasciitis negatively impacts function in daily 
living (Roos et al., 2006).  Therefore, it is possible that activity is curtailed resulting in 
muscle atrophy.  However, it is not known whether plantar fasciitis is accompanied by 
muscle atrophy of the intrinsic foot muscles, or changes in muscle activation.  The 
proposed injury mechanisms for plantar fasciitis are based primarily on kinematics and it 
is unclear what muscular changes might play a role.  
There is a general lack of understanding of the fundamental mechanics of the 
intrinsic foot structures in the context of gait.  Furthermore, previous studies have not 
been able to discriminate plantar fasciitis sufferers from the unimpaired, nor have they 
been able to elucidate the aetiological process for plantar fasciitis.   
Various tools have emerged that will facilitate the study of small and complex 
structures contained within the foot: multi-segment foot models, dynamical systems 
techniques, and magnetic resonance technology.  This dissertation will examine the 
effects of plantar fasciitis on the dynamics of intrinsic structures of the foot.  The focus is 
on aspects of inter-segmental coordination, muscle atrophy and muscle activation.  
Advancements in biomechanical measurement might facilitate research on the 
theoretical foundation of the intrinsic foot structures and plantar fasciitis.  Owing to 
improved camera and computer technology, kinematic models of the foot have been 
developed beyond the single-segment model.  A variety of multi-segment foot models 
have been proposed and it is possible to use them in a typical clinical gait laboratory 
setup (Kidder et al., 1996; Leardini et al., 1999; Carson et al., 2001; Stebbins et al., 2006; 
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Leardini et al., 2007).  These models provide an opportunity to examine the theories 
concerning coordination of the rearfoot, forefoot and hallux segments.  
To date, methods for reporting rearfoot and forefoot kinematics are not conducive 
for comparison to previous qualitative descriptions of foot function.  Most models have 
adopted the typical distal-to-proximal segment Cardan reporting convention (Figure 3) 
(Hunt et al., 2001; Stebbins et al., 2006; Leardini et al., 2007).  When this method is used, 
attention is focused on the resultant angle between the two segments.  The main 
limitation in this approach is that the individual movements of the segments that 
contributed to this resultant angle cannot be determined.  Individual rearfoot and forefoot 
segment motion was a significant portion of the discussion in the compliant-rigid models.  
Therefore, it has been challenging to determine whether forefoot to rearfoot motion 
reported using a typical Cardan reporting convention, either support or refute the 
compliant-rigid models.  
 
Figure 3.  Frontal plane kinematics of the forefoot relative to rearfoot (FF:RF).  
Rotations were decomposed by a Cardan sequence using a distal relative to 
proximal segment convention (Hunt et al., 2001).  Although the resulting 
angle between the forefoot and rearfoot is provided, coordination of the 
individual rearfoot and forefoot segments is not communicated. 
 
We recently examined the inter-segmental coordination of the foot from the 
perspective of phase (Chang et al., 2007).  This method incorporates vector coding 
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(Sparrow et al., 1987; Heiderscheit, 2000; Heiderscheit et al., 2002) and then classifies 
movements according to phase coordination.  For example, if one were to refer to the 
descriptions of Bojsen-Moller (1979) in phase terms (Figure 2), the coordination of the 
rearfoot and forefoot coupling would be considered in-phase in early stance and anti-
phase in late stance.  In early stance, there was pronation at the forefoot and rearfoot.  
This is in contrast to late stance when forefoot pronation was countered by rearfoot 
supination.  By emphasizing segmental coordination rather than the resultant angle, phase 
analysis could potentially provide results that are more suitable than previous 
methodologies for describing inter-segmental foot kinematics.  In addition, phase analysis 
may offer insight into the nature of the deformation of the plantar fascia and mechanisms 
of injury (Chang et al., 2007).  Anti-phase coordination across planes might suggest 
bending, twisting and torsion along the length of the plantar fascia.   
The introduction of dynamical systems approaches to the study of coordination, 
joint kinematics and overuse injuries has challenged the traditional view that performance 
variability indicates disability (Hamill et al., 1999; Van Emmerik and van Wegen, 2000; 
Heiderscheit et al., 2002).  Dynamical systems exhibit variability near transition points.  
It is believed that variability is an essential ingredient for the ensuing transition and that it 
is an indicator of adaptability (Kelso, 1984; Kelso, 1995).  It has been shown that humans 
in pathological states (e.g. Parkinson’s disease) have difficulty transitioning from one 
coordinative mode to another (Van Emmerik and van Wegen, 2000).  Using two 
measures of coordination variability, vector coding and continuous relative phase, 
individuals with patellofemoral pain have exhibited decreased variability in knee 
coordination in the coupling angle, and decreased continuous relative phase variability at 
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a kinematic transition point (Hamill et al., 1999; Heiderscheit et al., 1999; Heiderscheit, 
2000; Heiderscheit et al., 2002).  In the foot, there is a major transition point at midstance 
at which the foot transitions from a compliant structure into a rigid structure for push-off 
(Manter, 1941; Hicks, 1953; Elftman, 1960; Mann and Inman, 1964; Bojsen-Moller, 
1979).  Therefore, there is potential for the use of dynamical systems tools, such as vector 
coding, to interpret foot function and for characterizing the presence of plantar fasciitis.   
Magnetic resonance techniques have offered a new avenue to study muscle size 
and muscle activity in vivo.  Magnetic resonance imaging (MRI) provides cross sectional 
images of body segments so that the area of contractile tissue can be quantified (Kent-
Braun et al., 2000).  Phosphorous magnetic resonance spectroscopy (31P MRS) may be 
used to quantify concentrations of phosphorus-containing metabolites (i.e. inorganic 
phosphate (Pi), phosphocreatine (PCr) and adenosine triphosphate (ATP)) during rest, 
exercise and recovery (Chance et al., 1980; Chance et al., 1985).  Resting levels of the 
Pi/PCr ratio can indicate pathology (McCully et al., 1988; Kent-Braun et al., 1995).  
During sub-maximal exercise, the Pi/PCr ratio is linearly related to muscle mechanical 
work and this ratio has been used as an indicator of muscle metabolic activity (Chance et 
al., 1985; McCully et al., 1991).  Magnetic resonance can potentially provide information 
regarding the size of the intrinsic foot muscles and its muscle activity so that plantar 
fasciitis may be characterized quantitatively.  
Statement of the Problem 
It is believed that the foot is a compliant structure in early stance, and later rigid at 
push-off.  There are several models that describe how the compliant-rigid transition is 
coordinated via the mechanics of the medial arch, the midtarsal joint and the intrinsic foot 
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muscles (Manter, 1941; Hicks, 1953; Elftman, 1960; Mann and Inman, 1964; Bojsen-
Moller, 1979).  These models have remained dominant in both medical and research 
arenas.  However, there is little in vivo quantitative biomechanical evidence to support 
these models; therefore, they remain speculative.  
Medical doctrine concerning the development of plantar fasciitis has relied 
directly on the same models.  The mechanics of plantar fasciitis feet are believed to be an 
‘excessive’ kinematic version of normal foot mechanics.  The basic premise is that 
excessive joint kinematics lead to high tissue loads.  However, there is a lack of scientific 
evidence to support this premise in individuals with plantar fasciitis.  The aetiology of 
plantar fasciitis remains unclear.    
Although the importance of intrinsic foot muscles in normal healthy foot function 
has been gleaned from cadavers and qualitative joint kinematic analysis, there is very 
little quantitative information on intrinsic foot muscles.  In general, research has focused 
on joint kinematics.  Consequently, the study of intrinsic foot muscles has been 
neglected.  The effects of plantar fasciitis on muscle size and activation are not known.   
The goal of this dissertation is to characterize chronic plantar fasciitis in regards 
to segmental coordination, muscle size and muscle activity.  This goal will be 
accomplished in three separate studies. 
Significance of the Studies 
It is important to understand the fundamentals of intrinsic foot mechanics.  There 
are several theories on how the foot functions mechanically in gait, but they have not 
been validated.  The present studies aim to contribute to the base of knowledge by 
providing quantitative information on the dynamics of intrinsic foot structures.  
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Segmental coordination, intrinsic foot muscle size and intrinsic foot muscle activation 
will be examined.   
  Plantar fasciitis is a debilitating injury (Roos et al., 2006) that affects two million 
Americans every year (Pfeffer et al., 1999), and therefore characterizing this pathology is 
clinically important.  These studies may elucidate a mechanism that perpetuates chronic 
plantar fasciitis and improve clinical intervention strategies.  For example, if certain 
muscles are atrophied in chronic plantar fasciitis, exercises may be prescribed to train 
these specific muscles.  In regards to foot orthoses and footwear, innovative designs may 
be incorporated to address rearfoot and forefoot coordination.  
 
Assumptions 
 The assumptions of a rigid body hold true. 
 Movements of the reflective markers accurately represent the movements of the 
underlying skeleton. 
 Relative movements of the rearfoot and forefoot reflect movements of the plantar 
fascia. 
 The level of plantar fasciitis pathology in the PF subjects will not change significantly 
from one test day to the next. 
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Abbreviations 
Table 1. List of abbreviations by type. 
             
Type Abbreviation   Description       
Groups  
PF    Chronic plantar fasciitis  
CON    Healthy control group 
Muscle 
PIFM    Plantar intrinsic foot muscle 
CSA    Cross sectional area 
Compounds 
Pi    Intracellular concentration of inorganic phosphate 
PCr    Intracellular concentration of phosphocreatine 
pH    Intracellular concentration of hydrogen 
             
 
Hypotheses 
Study 1 
 
Specific Aim #1: Determine changes in kinematics with chronic plantar fasciitis.  
 
Hypotheses related to kinematic measures. 
 
H1.1:  PF will exhibit significantly greater rearfoot joint motion than CON in stance 
phase:  
 H1.1.1: maximum rearfoot eversion 
 H1.1.2: total rearfoot eversion 
 H1.1.3: maximum rearfoot eversion velocity  
 PF feet are reported to exhibit greater levels of rearfoot eversion in comparison to 
normal arched feet (Franco, 1987; Valmassy, 1995). 
H1.2: In stance, there will be greater forefoot to rearfoot motion in PF as compared to 
CON in the three planes: 
H1.2.1: maximum joint angle 
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H1.2.2: total joint motion  
H1.2.3: maximum angular velocity 
 It is believed that PF feet exhibit pronation at the midfoot (Wearing et al., 2006). 
Hypotheses related to measures of coordination measured by an expanded vector coding 
technique (Chang et al., 2008). 
H1.3:  At midstance, PF will exhibit significantly more anti-phase coordination in the 
rearfoot-forefoot coupling than CON.   
Chronic plantar fasciitis may be perpetuated by excessive strain in the plantar 
fascia as a result of anti-phase coordination in the rearfoot and forefoot coupling.  
For instance in the frontal plane, forefoot inversion with concomitant rearfoot 
eversion, an anti-phase movement, would suggest greater torsional stress of the 
plantar fascia.   
1.4:   PF will exhibit less coordinative variability in the rearfoot-forefoot coupling than 
CON. 
Dynamical systems exhibit necessary variability near the transition point between 
coordination modes (Kelso, 1995).  The foot exhibits a transition point at 
midstance between compliancy in early stance and rigidity in late stance (Mann 
and Inman, 1964).  These two modes are characteristic of the low dimensional 
qualitative states that define an order parameter.  Studies of the lower extremity 
using a dynamical systems approach have shown that a pathological state exhibits 
reduced coordinative variability (Hamill et al., 1999; Heiderscheit et al., 2000; 
Heiderscheit et al., 2002).  
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H1.5:  During late stance, coupling of hallux angle and the medial longitudinal arch 
angle (windlass mechanism) in PF will be less in-phase than CON. 
A damaged plantar fascia might result in a dysfunctional windlass mechanism 
(Hicks, 1954).  
H1.6:  The windlass mechanism of PF will exhibit less coordinative variability than CON 
(Hamill et al., 1999; Heiderscheit et al., 2000; Heiderscheit et al., 2002). 
 
Study 2 
Specific Aim: Determine whether there is atrophy of muscles that support the medial 
longitudinal arch in chronic plantar fasciitis. 
H2.1:   There will be a significantly less PIFM CSA in the plantar fasciitis foot as 
compared to the contralateral healthy foot: 
H2.1.1: total PIFM CSA 
H2.1.2: forefoot PIFM CSA 
 H2.1.3: rearfoot PIFM CSA 
H2.1.3: peak PIFM CSA 
 The heel pain associated with plantar fasciitis negatively impacts function in daily 
living (Roos et al., 2006).  Therefore, it is possible that activity is curtailed 
resulting in muscle atrophy.   
H2.2:   There will be a significantly less muscle CSA of tibialis posterior muscle in the 
plantar fasciitis foot in comparison to the healthy foot. 
 The tibialis posterior muscle supports the medial longitudinal arch (Funk et al., 
1986; Thordarson et al., 1995; Dyal et al., 1997; Sharkey et al., 1998), and 
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therefore an atrophied tibialis posterior may give insight to the aetiology of 
chronic plantar fasciitis.  
Study 3 
Specific Aim: Determine whether there are changes in metabolic activity of the PIFM 
associated with chronic plantar fasciitis. 
Hypotheses related to muscle activity of intrinsic foot musculature in PF. 
H3.1: In comparison to the contralateral healthy foot, the plantar fasciitis foot will not 
differ in resting levels of intracellular: 
 H3.1.1: pH  
H3.1.2: Pi/PCr 
It has been shown that diseased muscles exhibit changes in resting levels of pH 
and Pi/PCr (McCully et al., 10988, Kent-Braun et al., 1995), however, there is no 
data to show that there are changes in these concentration levels with overuse 
injuries. 
H3.2: Increases in Pi/PCr from rest to after a walking exercise will be greater on the 
plantar fasciitis foot as compared to the contralateral healthy foot. 
 A combination of a pathological plantar fascia and atrophy could relatively 
increase the relative demand of intrinsic foot muscle work in walking.  This 
increase in muscle mechanical work muscle would be reflected in Pi/PCr, an 
indicator of muscle metabolic activity (Chance et al., 1985; McCully et al., 1991).  
Summary 
To understand what perpetuates chronic plantar fasciitis, intrinsic foot dynamics 
must be considered.  These studies will compare healthy individuals to individuals with 
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chronic plantar fasciitis in regards to intersegmental coordination, muscle size and muscle 
energetics.  A multi-segment foot model and a dynamical systems approach will be used 
to study intrinsic foot coordination in vivo.  Also, data concerning size and metabolic 
activity of the small intrinsic foot muscles will be collected using magnetic resonance 
technology. 
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CHAPTER II 
LITERATURE REVIEW 
Introduction 
The following section provides a review of the literature concerning foot 
coordination (bone and muscle) as it relates to plantar fasciitis.  The section begins with a 
brief introduction to the structure of the foot and is followed by a more in-depth 
examination of kinematic foot models, plantar fasciitis, the application of dynamical 
systems to biological components, and magnetic resonance techniques.  
Functional Anatomy of the Foot 
Structural Organization 
The healthy human foot is composed of 28 bones and 33 articulations (Figure 1).  
In practice, clinicians organize these structures into three or four functional segments: 1) 
rearfoot (tarsus); 2) midfoot (lesser tarsus)), 3) forefoot (metatarsus), and 4) phalanges 
(Root et al., 1971; Caillet, 1996).  In the three segment approach, the forefoot and the 
phalanges are grouped together. 
Alternatively, anatomical structures are organized into the three arches: the 
medial longitudinal arch, the lateral arch, and the transverse metatarsal arch.  The medial 
longitudinal arch is the largest and most functionally important of the three foot arches.  
Bones that compose the medial longitudinal arch include the calcaneus, talus, navicular, 
three cuneiforms, and three medial metatarsals.     
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Figure 4.  The bones of the medial longitudinal arch (Gray, 1918). 
 
The Medial Longitudinal Arch 
  The medial longitudinal arch is a major structure of the foot that is a collective 
of many anatomical components.  Therefore, the task of maintaining the arch is shared 
across several passive and active structures.  It has been challenging for researchers to 
determine their relative contribution to medial arch support in vivo.  The magnitude of 
support offered by a given structure is dependent upon segmental foot kinematics, and is 
therefore complicated.  Active and passive structures of the medial longitudinal arch, 
namely the subtalar joint, midtarsal joint, the plantar fascia, and intrinsic and extrinsic 
muscles will be discussed in more detail. 
It is not uncommon for clinicians to classify the overall nature of a patient’s foot 
by the morphology of the medial longitudinal arch.  For instance, pes planus and pes 
cavus are clinical terms that are used to describe abnormally low and high arched feet, 
respectively.  The pes planus foot is characterized by a hindfoot valgus, forefoot 
abduction, a low medial longitudinal arch and is relatively more flexible. Its opposite, the 
pes cavus foot, is characterized by a hindfoot varus, forefoot adduction, a high medial 
longitudinal arch and is relatively more rigid (Valmassy, 1995).   
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Based on clinical experience, associations between arch morphology, 
biomechanics and injury have been made (James et al., 1978; Subotnick, 1980; 
Subotnick, 1981; Franco, 1987).  Since the terms planus and cavus lack formal 
quantitative definitions, an arch score based solely on visual observation is typically 
noted in the medical report.  However, a study has shown that clinicians are inconsistent 
in their scoring for even the most extreme arch shapes (Cowan et al., 1994).  
Nevertheless, these clinical terms are viewed as a satisfactory way of communicating 
clinical and biomechanical presentation.   
Subtalar Joint 
In the subtalar joint, three inferior facets of the talus articulate with three superior 
facets of the calcaneus.  However, large individual differences in facet configuration have 
been reported (Bunning and Barnett, 1965).  The orientation of the subtalar joint has been 
estimated by several researchers with similar results (Manter, 1941; Root et al., 1971; 
Inman, 1976) (Figure 5).  Inman (1976) reported orientations on average 42° and 23° 
from the sagittal and transverse planes respectively.   
Given that the joint axis bisects all three anatomical planes, pronation and 
supination are suitable to describe its tri-planar movements.  In pronation, the calcaneus 
everts, as the head of the talus internally rotates and plantarflexes.  The reverse occurs in 
supination.  The medial longitudinal arch lowers in pronation and rises in supination.  
Consequently, the relative positions of the talar head and calcaneus in the frontal plane 
has a significant influence on the midtarsal joint.   
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Figure 5.  The position of the subtalar joint axis in the transverse plane (left) and 
sagittal plane (right) (Inman, 1976). 
 
Midtarsal Joint 
 The function of the midtarsal joint, also known as the transverse tarsal joint, is 
believed to play a significant role in the foot’s ability to transition from a compliant 
structure to a rigid lever.  Changes in the medial longitudinal arch height, and relative 
motion between the rearfoot and forefoot is thought to occur at the midtarsal joint 
(Bojsen-Moller, 1979).  Motion at the midtarsal joint is attributed to the articulations of 
the talo-navicular joint and calcaneo-cuboid joint.  Movements occurring between the 
navicular and cuboid are negligible (Elftman, 1960).  The resulting midtarsal joint axis is 
a sum of two distinct axes: the longitudinal axis and the oblique axis (Figure 6).  These 
have been reported by several authors, with some discrepancies in location (Manter, 
1941; Hicks, 1953; Elftman, 1960).   
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Figure 6.  The longitudinal axis (a) and the oblique axis (b) of the midtarsal joint.  
The orientation of each axis is shown in the sagittal plane (top row) and 
transverse plane (bottom row) (Manter, 1941). 
 
Elftman’s work (1960) on the concept of midtarsal joint locking is considered to 
be pioneering in the field of foot mechanics.  Although measurements were not taken, 
Elftman proposed that midtarsal joint stability was dictated by the relative positioning of 
the talo-navicular joint axis and the calcaneo-cuboid joint axis.  He concluded that in 
subtalar joint pronation, the two axes are parallel, which offers a higher range of motion 
at the midtarsal joint.  In supination, however, the axes intersect and rotational freedom is 
reduced.  
Bojsen-Moller (1979) elaborated on the notion of joint interdependence and range 
of motion by incorporating the kinematics of the forefoot segment.  He found that when 
the forefoot was neutrally positioned or supinated relative to the rearfoot, the midtarsal 
joint had a higher degree of rotational freedom.  This freedom was attributed to the ball-
and-socket-like configuration of the talo-navicular joint.  However, when the forefoot 
was pronated relative to the rearfoot, rotational freedom was diminished considerably.  
His study of cadavers indicated that forefoot pronation aligned the highly congruent 
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surfaces of the calcaneo-cuboid joint, tightened the surrounding joint ligaments and 
engaged the plantar fascia.   
The studies of Elftman (1960) and Bojsen-Moller (1979) highlight the concept 
that the midtarsal joint plays a key role in the overall stability of the foot during gait.  A 
locked midtarsal joint is believed to be necessary for an effective push-off.  An unlocked 
midtarsal joint is associated with flattening of the medial arch, excess pronation and 
reduced propulsion at push-off (Bojsen-Moller, 1979).  Figure 2 summarizes the rotations 
that are believed to occur in the rearfoot and forefoot segment of the midtarsal joint 
during stance phase of gait.  
The Plantar Fascia 
The plantar fascia is a dense aponeurotic connective tissue that spans the 
underside of the foot.  The plantar fascia originates at the medial calcaneal tuberosity and 
extends toward the digits in three distinct bands: medial, central and lateral.  Structurally 
and functionally, the central band is the most dominant of the three (Kwong et al., 1988).  
At the distal portion of the plantar fascia, there are five tracts that run towards each 
phalanx.  The tracts bifurcate, which results in a complex network.  There are superficial 
tracts that terminate into the skin and there are also deep tracts that attach to the proximal 
phalanx through the flexor sheath (Sarrafian, 1983) (Figure 7).   
Studies have shown that the plantar fascia is a significant contributor of passive 
support to the medial longitudinal arch.  Surgical release of plantar fascia has resulted in 
lowering of the medial arch in patients and in cadavers (Hicks, 1954; Daly et al., 1992; 
Thordarson et al., 1997; Sharkey et al., 1998).  At least two in vitro experiments have 
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concluded that the plantar fascia was the most important support structure (Huang et al., 
1993; Thordarson et al., 1995).   
 
Figure 7.  The plantar fascia (Young et al., 2001). 
 
The windlass model is the predominant theory on the relationship between the 
plantar fascia, toe dorsiflexion are medial arch kinematics (Hicks, 1954).  In this model, 
the foot is represented by two rigid beam segments resembling the rearfoot and forefoot 
(Figure 8).  The plantar fascia, metatarsal head and proximal phalanx were modeled as a 
cable, a windlass drum and a drum handle, respectively.  Toe dorsiflexion was likened to 
cranking the drum handle.  This action causes the cable to wind around the drum thereby 
pulling the end of the beams together.  Hicks speculated that a higher arch allowed for a 
more stable foot, although no data was given to support this claim.  Sarrafian (1987) 
expanded on Hicks’ idea and specified that the plantar fascia was tensioned when the 
windlass was engaged, when loaded vertically, or with anterior leg flexion.  This 
phenomenon is functionally significant at push-off, when there is toe extension and the 
benefits of a stable foot are appropriate.  Qualitative kinematics of the 1st metatarso-
phalangeal joint (MTPJ) and plantar fascia in the stance phase of gait are summarized in  
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Table 2. 
 
Figure 8.  The windlass mechanism (Hicks, 1954). 
 
Hicks (1954) briefly discussed the relationship between the plantar fascia and the 
rearfoot.  He observed rearfoot inversion when the windlass mechanism was engaged. 
Dynamic walking cadaver models have supported the relationship between the plantar 
fascia and subtalar joint kinematics.  For example, in a study by Ward et al. (2003), 
partial release of the plantar fascia prevented re-supination of the subtalar joint at push-
off.   
Table 2.  Kinematics of 1st MTP joint and plantar fascia length in the stance phase 
of gait (Valmassy, 1995). 
           
   Arch Height   1st MTPJ     
Stance Phase  Sagittal   Sagittal   
Early   Decreasing   Little change   
Mid   Decreasing/Increasing Dorsiflexion begins 
Late   Increasing   Dorsiflexion   
 
Role of Muscles in Arch Support 
Anatomy and pathology of the posterior tibialis muscle suggests that it is the most 
important extrinsic foot muscle that supports the medial arch.  The posterior tibialis 
muscle originates at the superior and posterior aspects of the tibia and fibula, and the 
interosseous membrane between them.  This muscle terminates in a fan-like fashion 
under the bones that compose the medial arch.  Its tendon passes medial to the subtalar 
joint axis resulting in a long moment arm with respect to the subtalar joint axis.  The 
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medial longitudinal arch is adversely affected when the tibialis posterior muscle is 
dysfunctional or ruptured (Funk et al., 1986; Thordarson et al., 1995; Dyal et al., 1997; 
Sharkey et al., 1998). 
 
Figure 9.  The tibialis posterior muscle from a posterior view of the leg (Marieb and 
Hoehn, 2006).    
 
Although specific actions have been reported for the various intrinsic foot 
muscles (Figure 10), their general role is to support the medial arch.  Based on fine wire 
electromyograms, Mann and Inman (1964) concluded that intrinsic foot muscles are 
activated to achieve a rigid foot at push-off by plantar flexing the forefoot relative to the 
rearfoot.  The importance of stabilizing the medial arch by locking the midtarsal joint was 
discussed using the terms “stability” and “rigid foot,” despite any associated metrics.  
More recent studies have also shown a significant decrease in medial arch height when 
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intrinsic muscles were fatigued (Headlee et al., 2008) and when efferent foot muscle 
activation was blocked (Fiolkowski et al., 2003). 
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a) b)
c) d)
 
Figure 10.  The plantar layers of the intrinsic muscles of the foot, first layer though 
fourth (a-d) (Gray, 1918). 
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Kinematic Modeling of Foot Motion 
Three Dimensional Foot Modeling 
It would be ideal if three dimensional (3D) stereophotogrammetry were used to 
acquire six degrees of freedom motion for the 28 foot bones.  However, technical and 
ethical obstacles restrict in vivo modeling.  Three dimensional analyses require that each 
bone segment be fixed with three non-collinear markers.  This amounts to a marker set of 
at least 78 pieces.  Considering the small size of bones and the magnitude of trauma for 
the human subject, this is a difficult arrangement (Davis, 2004).  Such a lengthy and 
traumatic setup carries little clinical utility.  Moreover, it is challenging to discriminate 
multiple markers that are in close proximity with the current standard Video Graphics 
Array (VGA; 640 x 480) resolution.  Therefore, there is a prerequisite for higher 
resolution hardware for more elaborate foot models.  Finally, there are challenges in 
having all markers visible by at least two cameras at a given time.   
Due to these technical and ethical limitations, it has been common practice in the 
biomechanical analysis of human locomotion to model the foot as a single rigid segment 
(White et al., 1989; Areblad et al., 1990; Robertson et al., 2004).  This approach has 
provided much insight in numerous fields, including the study of clinical gait (Vaughan, 
1996; Sutherland, 2002), sports biomechanics (Cavanagh, 1987) and motor control 
(Winter et al., 1990).  Purveyors of this method have justified the approach by assuming 
that the majority of localized motion is attributable to the rearfoot.  
A major limitation of the single segment foot paradigm is that no insight is gained 
on mechanics that are intrinsic to the foot.  This model is inadequate for characterizing 
the windlass mechanism, midtarsal joint motion, plantar fasciitis, club foot etc.  The 
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limitations of the single segment approach have been exposed by several researchers 
(Lundberg et al., 1989b; Kidder et al., 1996; Leardini et al., 1999; Carson et al., 2001; 
Simon et al., 2006; Arndt et al., 2007).  
Rearfoot Motion 
There is abundant research that has used the single segment model to study 
rearfoot motion and running.  Interest in rearfoot motion and the notion of ‘excessive’ 
motion has escalated since the late 1970s (Bates et al., 1978; Taunton et al., 1982; Clarke 
et al., 1984).  At that time, American culture saw a huge rise in the popularity of 
recreational running and a concomitant rise in running related injuries (James et al., 1978; 
Taunton et al., 1982).  Since the knee has been the most frequently injured body part in 
runners (Clement et al., 1981; Taunton et al., 2003), much attention was paid to skeletal 
alignment (James et al., 1978; Tiberio, 1988) and the kinematic coupling relationship of 
the rearfoot and knee (Hamill et al., 1992; McClay and Manal, 1997).  Other topics 
related to rearfoot motion that have been explored include injury prevention by means of 
footwear design (Frederick, 1984; Nigg, 1986) and treatment by foot orthoses (Smith et 
al., 1986; Mundermann et al., 2003; MacLean et al., 2006).  Despite a great deal of 
progress in the study of rearfoot motion, quantitative kinematic analysis of the remaining 
joints of the foot has not been fully explored.  
Progress in Multi-Segment Foot Modeling 
Early contributions in kinematic modeling of the foot were made by Lundberg 
and colleagues in the 1980s (Lundberg, 1989; Lundberg et al., 1989a; Lundberg et al., 
1989b; Lundberg et al., 1989c).  Roentgen stereophotogrammetry (RS) was used to 
capture images of markers that were surgically implanted into foot bones.  Individual 
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bone movements were interpolated between successive static positions to obtain a sense 
of how joints interacted.  The results from these studies challenged the assumptions of the 
single rigid segment approach.  It was found that many joints, not only the rearfoot 
segment, participated in frontal and sagittal plane motion.  In fact, the magnitude of 
motion at the midtarsal joint exceeded that of the subtalar joint.  Also, it was shown that 
the position of the ankle joint axis was not static.  Unfortunately, the RS method is an 
invasive technique and therefore its applicability has been limited. 
With improvements in camera technology, it is increasingly possible to track 
markers that are close to each other.  Marker discrimination has improved with higher 
resolution cameras (e.g. Qualisys Oqus 3 SVGA Cameras at 1280 x 1024 resolution).  
Now that it is not uncommon to have a motion capture system with more than six 
cameras, the issue of marker visibility is no longer universal.  Although it is still very 
difficult to track all 28 bones, foot models have evolved from single segment models into 
models with multiple functional units.  Researchers interested in quantifying kinematics 
intrinsic to the foot are confronted with the task of proposing an appropriate multi-
segment foot model (Davis, 2004). 
In vivo non-invasive multi-segment foot models are currently in their third 
generation.  Since the first model was developed by Kidder et al. (1996), several other 
multi-segment models have been proposed (Hunt et al., 2001; Simon et al., 2006).  
Research groups in Bologna and at Oxford University have distinguished themselves in 
the field since they have each contributed two more models with marked improvements 
(Leardini et al., 1999; Carson et al., 2001; Stebbins et al., 2006; Leardini et al., 2007).  
Segment definitions seem to be inspired by clinically-relevant segments.  The majority of 
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these models define rearfoot, forefoot and hallux segments, while a minority define an 
additional midfoot segment (Leardini et al., 1999; Simon et al., 2006; Leardini et al., 
2007).   
Marker locations were initially very different between the Bologna and Oxford 
models.  Originally, the Bologna group proposed a daunting marker set that combined 
rigid cluster markers with anatomical markers (Leardini et al., 1999) (Figure 11).  They 
expressed concerns in a follow-up paper that movements of the rigid clusters may not be 
representative of the underlying segments (Leardini et al., 2007).  However, no data were 
associated with these concerns.  They also admitted that the original marker set was 
uncomfortable, restricted motion and had a lengthy calibration process.  Consequently, 
rigid cluster markers were abandoned in favor of independent skin markers (Figure 14).  
The Bologna model is unique in that marker positions avoid the course of tendons, and 
therefore may reduce movement artefact.  The Oxford foot model has since progressed 
towards independent skin markers.  Wand makers at the hallux and heel were used in the 
original Oxford foot model (Carson et al., 2001).  However, it was found that wands were 
susceptible to movement and toe strike artefact.  With the removal of the wands came a 
reduction in measurement variability at the hallux and heel segments (Stebbins et al., 
2006).   
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Figure 11.  A multi-segment model proposed by the Bologna research group for 
rearfoot, midfoot, forefoot and hallux segments (Leardini et al., 1999). 
 
To date, test-retest experiments by the Oxford group have been the mainstay for 
multi-segment foot model validation.  Kinematic repeatability was examined between-
trial, between-day and between-tester (Carson et al., 2001).  Results were favorable with 
the exception of the hallux segment mentioned previously.  The between-trial standard 
deviations for the rearfoot joint and movements of the forefoot relative to hindfoot were 
less than 0.7°.  In addition, kinematic curves between-day and between-tester were 
similar in shape, but were shifted systematically in absolute magnitude.  It was concluded 
that skin movement artefact was systematic and repeatable, and that absolute differences 
were due to marker placement variability.  Absolute differences could be minimized by 
normalizing joint angles to a reference such as the standing position (Leardini et al., 
1999; Leardini et al., 2007).  However, an objective of the Oxford group has been to 
develop a model that can report joint angles that reflect joint malalignment (e.g. calcaneal 
varum).  As such, the Oxford group has abstained from normalizing to reference angles 
insisting that normalization would offset the joint angles inappropriately and would 
therefore reduce the clinical applicability of the model.   
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If the gold standard for model validation necessitates invasive bone pin 
techniques, multi-segment foot models are far from being validated.  Only recently has 
the validity of the traditional knee and foot segments been examined with this level of 
rigor (Reinschmidt et al., 1997a; Reinschmidt et al., 1997b).  These studies have shown 
that external shoe markers only grossly approximate the movements of the calcaneus.  
For this reason, researchers have been motivated to place markers directly on the skin 
surface of the calcaneus (Mundermann et al., 2003; Ferber et al., 2005; MacLean et al., 
2006).  A comparison of skin and bone markers at the foot has not yet been published.   
Although segment nomenclature is somewhat similar between a variety of foot 
models, there are differences in anatomical frame definitions and rotation computations.  
For example when defining the forefoot anatomical frame, the Oxford model utilizes a 
virtual marker while the Bologna model utilizes anatomical markers only.  In regards to 
rotation computations, these two models are similar in that Cardan rotations are made.  
Other models, such as the Heidelberg model, compute projection angles exclusively 
(Simon et al., 2006).  Consequently, comparison of kinematic results across the different 
models is severely hindered. 
Results Obtained Using Multi-Segment Models 
Multi-segment foot models (Carson et al., 2001; Hunt et al., 2001; Leardini et al., 
2007; Stebbins et al., 2006) have quantified aspects of the windlass mechanism described 
by Hicks (1954).  Results from these studies agree that there is a rapid increase in medial 
longitudinal arch height during late stance.  However, there are some discrepancies in 
early stance.  Some authors have shown that the arch height is bimodal during stance with 
lengthening also occurring in early stance (Stebbins et al., 2006; Leardini et al., 2007).  
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Other studies did not observe lengthening early in stance (Carson et al., 2001; Hunt et al., 
2001).   
Although rearfoot and forefoot kinematics have been reported using multi-
segment models (Hunt et al., 2001; Carson et al., 2001; Leardini et al., 2007) some results 
cannot be compared to fundamental work.  Early descriptions of midtarsal joint motion in 
gait describe the rearfoot and forefoot segments individually relative to the floor, and 
relative to one another (Bojsen-Moller, 1979).  Multi-segment foot models, however, 
typically report the resultant angle between the forefoot and rearfoot.  Therefore, it has 
not been possible to infer coordination of the individual segments and how they 
individually contribute to the resultant angle.  
Plantar Fasciitis 
Clinical Presentation  
Plantar fasciitis (synonymous with heel spur/pain syndrome, and subcalcaneal 
pain), is the most common cause of heel pain (Young et al., 2001).  Yearly, more than 
two million Americans are treated for plantar fasciitis (Pfeffer et al., 1999), and it is 
estimated that 10% of the population will be affected in their lifetime (Crawford and 
Thomson, 2003).  Plantar fasciitis has been shown to negatively impact several aspects of 
an individual’s life: function in daily living, foot and ankle-related quality-of-life, and 
function in sport and recreation (Roos et al., 2006).     
Patients are typically very frustrated with pain and the healing process since their 
symptoms may last six to 18 months (Young et al., 2001).  They report pain in the heel 
pad and/or into the medial longitudinal arch that is exacerbated with prolonged weight-
bearing (Taunton et al., 1982; Kwong et al., 1988).  A characteristic symptom of more 
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advanced plantar fasciitis is knife-like startup pain (Cornwall and McPoil, 1999).  This 
presents when the patient rises onto their feet after a prolonged non-weightbearing state 
(e.g. getting out of bed in the morning). 
Management 
There is no consensus on the most effective treatment for plantar fasciitis (Ross, 
2002).  In general, the approach is conservative and aims to address pain and mechanical 
overloading of the fascia.  Short term treatment includes: rest, icing, stretching, 
strengthening of intrinsic foot muscles, oral non-steroidal drugs, ultrasonic therapy, and 
steroid injection (Cornwall and McPoil, 1999; Ross, 2002).  Foot orthoses are used in 
long term treatment with good patient compliance (Subotnick, 1981; Donatelli, 1987; 
Kwong et al., 1988).  In chronic cases where conservative treatments have failed, a partial 
plantar fasciotomy may be performed (Cornwall and McPoil, 1999).  
  Aetiology and the Pes Planus Foot  
The most widely cited aetiological explanation for plantar fasciitis is excessive 
and/or repetitive loading of the plantar fascia (Warren, 1990; Wearing et al., 2006).  It is 
believed that the level of fascial deterioration ranges from microtears to complete rupture.  
As with other cumulative micro trauma injuries in its class, this aetiological process is 
largely speculative, and its development is probably multi-factorial (Cornwall and 
McPoil, 1999; Wearing et al., 2006).   
Abnormal mechanics, specifically the pes planus foot and subtalar joint 
overpronation, is the most cited cause for excessive loading of the plantar fascia 
(Subotnick, 1981; Taunton et al., 1982; Shama et al., 1983; Donatelli, 1987; Kwong et 
al., 1988; Warren, 1990; Prichasuk and Subhadrabandhu, 1994).  Many reports freely 
  39 
 
interchange the terms pes planus and subtalar joint overpronation even though they are 
not necessarily equivalent.  Nevertheless, it is believed that under vertical load such as in 
stance, the pes planus foot excessively pronates and subsequently, unlocks the midtarsal 
joint.  In this position, there is forefoot abduction and dorsiflexion resulting in a flatter 
medial longitudinal arch (Manter, 1941).  In accordance with the windlass mechanism, 
excessive flattening of the arch results in undue tension across the plantar fascia.  At 
push-off of stance, tension is further increased if arch flattening rather than arch rising is 
combined with simultaneous toe dorsiflexion (Sarrafian, 1983).   
Despite several anecdotal reports on the association between plantar fasciitis and 
abnormal mechanics, scientific inquiry has yielded conflicting results.  It has been 
difficult to characterize plantar fasciitis biomechanically.  Several studies have found that 
measures of arch height and rearfoot eversion are not robust variables in discriminating 
individuals with plantar fasciitis from the unimpaired (Warren, 1984; Messier and Pittala, 
1988); Rome et al., 2001).  At best, a non-significant trend between the presence of 
plantar fasciitis and rearfoot eversion has been reported (Messier and Pittala, 1988).  In a 
more recent study of medial longitudinal arch mechanics using digital fluoroscopy, arch 
height and changes in arch height were not different between plantar fasciitis sufferers 
and healthy controls (Wearing et al., 2004).   
External force measurements have also been inconclusive in discriminating 
plantar fasciitis from unimpaired individuals.  Katoh et al. (1983) reported that sufferers 
exhibited relatively flatter peaks in the vertical ground reaction forces in stance.  Others 
have not supported these findings (Liddle et al., 2000; Wearing et al., 2003), and have 
suggested instead that ground reaction force differences may be specific to the regions of 
  40 
 
the rearfoot, midfoot and forefoot (Bedi and Love, 1998; Wearing et al., 2003).  It is 
unclear whether static foot measures are related to quantifiable gait kinematics in a 
healthy population.  Some results have supported the relation (Williams et al., 2001), 
while others have not (Hamill et al., 1989).  The relationship between measurable 
biomechanical variables and plantar fasciitis is still unclear. 
Dynamical Systems  
Approach to Coordination 
Scientists such as Kelso, Turvey and Newell have incorporated the paradigms of 
dynamical systems for understanding human coordination (Turvey, 1990; Kelso, 1995; 
Deutsch and Newell, 2004).  Kelso views brain function and its expression channeled 
through coordinated pattern, as a dynamical system (Kelso, 1995).  Coordinated patterns 
emerge and evolve from cooperation and self-organization of elements.   
Haken et al. (1985) presented a mathematical representation for a bimanual task 
that supported a dynamical systems approach to coordination.  The model considered in-
phase and anti-phase as the behavioral modes available to the system.  It was found that 
as the frequency of oscillation increased, subjects would exhibit a non-linearity; they 
spontaneously switched from an anti-phase to an in-phase pattern.  Switching was also 
observed in the solution to their mathematical model for two oscillators. A key finding 
was the increased variability in the continuous relative phase (CRP) near the transition 
point.  The spontaneous switches were interpreted as the self-organizing process that is 
characteristic of dynamical systems.  Furthermore, the variability (critical fluctuations) 
was regarded as increasing instability of the current mode and an indication of 
competition between all available modes (Kelso, 1995).   
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Haken et al. (1985) expressed that this model may be directly applied to the study 
of gait transitions.  The intra-limb relative phase variability for the leg and thigh has been 
examined from a walk to run transition speeds (Diedrich and Warren, Jr., 1995; Seay et 
al., 2006).  However, results are conflicting as to whether there is increased coupling 
variability at the transition speed.  
Approach to Pathology  
In the study of gait and biomechanics, it was generally believed that performance 
variability is indicative of pathology and motor control deterioration (Heiderscheit, 
2000).  For example, an elderly patient exhibiting a high step-to-step variability has a 
greater tendency to fall.  
The traditional views of variability and pathology have been contested by 
dynamical systems theorists (Van Emmerik and van Wegen, 2000; Davids et al., 2003).  
From the perspective of dynamical systems theory, variability and noise are omnipresent 
- they are functional, required for transitions, and an emergent property of multiple 
degrees of freedom (Kelso, 1995).  Furthermore, it has been proposed that the nature of 
the behavioral mode should be understood prior to assessing variability so as to have an 
appropriate point of reference (Van Emmerik and van Wegen, 2000).   
The dynamical systems point of view on variability has been used in the study of 
joint kinematics and overuse injuries (Hamill et al., 1999; Heiderscheit et al., 1999; 
Heiderscheit, 2000).  Hamill et al. (1999) speculated that some degree of CRP variability 
in lower extremity couplings could potentially distribute impact forces across more 
anatomical structures to reduce repetitive stress upon a localized area.  Also, it was 
speculated that increased variability signified adaptability to the ground perturbations at 
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heel strike.  In another study by Heiderscheit and colleagues (2000), coupling variability 
measured by a vector coding technique peaked when joint movements underwent 
changes in directions.  The authors proposed that the increased variability was purposeful 
for the ensuing transitions.  Hamill et al. (1999) observed that subjects experiencing 
patellofemoral pain exhibited less CRP variability than healthy subjects, suggesting that a 
reduced CRP variability could indicate reduced adaptability and pathology.   
The application of dynamical systems concepts to the study of lower extremity 
injuries is relatively new.  Plantar fasciitis has not yet been studied using dynamical 
systems approaches.   
Magnetic Resonance 
Imaging and Biomechanics 
Magnetic resonance imaging (MRI) is a non-invasive tool that can produce 
detailed visuals of the anatomy in planes unrestricted in orientation.  In comparison to 
computed tomography, which also offers relatively high resolution images, MRI is 
thought to be safer because it uses low radio frequency pulses and no ionizing radiation.  
As such, MRI has become a standard clinical diagnostic tool and its use in biomechanics 
research is increasing rapidly.   
Magnetic resonance imaging has provided a means for studying the 
morphological details of anatomical structures in three dimensions (3D).  Prior to the 
development of modern imaging techniques, morphological estimations have been 
difficult to perform in vivo.  Muscle volumes can be constructed from a series of user-
digitized images of known dimensions in a non-invasive manner using MRI.  Estimates 
of muscle physiological cross sectional area (PCSA) have been ascertained when muscle 
  43 
 
volumes are combined with fiber length data and pennation angle (Fukunaga et al., 1992).  
The ability to acquire cross-sectional images of body segments with MRI has also been 
useful in studies of muscle atrophy in the diabetic foot (Bus et al., 2002), in aging (Kent-
Braun et al., 2000), and in anterior cruciate ligament injury (Binder-Macleod and 
Buchanan, 2006).   
The application of MRI to the study of joint kinematics is in its developmental 
stages.  Currently, the approach is considered quasi-static rather than truly dynamic.  
Movements have been interpolated between successive static positions.  Pertaining to the 
foot, issues regarding methodology and reporting standards have been discussed (Hirsch 
et al., 1996).  Rotations of tarsal joints have been reported in foot pronation and 
supination (Udupa et al., 1998), but these initial descriptions are not yet palatable for 
clinical applications (Mattingly et al., 2006).    
Muscle functional MRI is a variant imaging technique that has been used to 
quantify skeletal muscle metabolic activity.  Following exercise, transverse (T2) 
weighted images enhances signal intensity in regions of the muscle tissue with increased 
metabolic activity.  Thus, signal intensity and T2 relaxation times increase in accordance 
with exercise intensity (Fisher et al., 1990; Adams et al., 1992; Saab et al., 2000; Meyer 
and Prior, 2000; Patten et al., 2003).  Muscle functional MRI has been used to study 
activation of extrinsic foot muscles that are normally difficult to measure with EMG.  It 
has been shown that foot orthoses increased T2 relaxation times in the tibialis posterior 
(TP) muscle, which indicate improved selective activation of the TP muscle (Kulig et al., 
2005).  However, wedged footwear did not produce changes in muscle activation in a 
running protocol despite increased rearfoot eversion (O'Connor and Hamill, 2004).   
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Phosphorous Magnetic Resonance Spectroscopy and Muscle Metabolic Activity 
The direct relationship between external work performed by skeletal muscle and 
concentrations of inorganic phosphate (Pi) and phosphocreatine (PCr) has been well 
documented using in vitro animal models (Cain et al., 1962; Infante et al., 1965; Spande 
and Schottelius, 1970).  Phosphorous (31P) magnetic resonance spectroscopy (MRS) 
allows for the non-invasive quantitation of phosphorus-containing metabolites (i.e. Pi, 
PCr and ATP) within the muscle at rest, during exercise, and in recovery (Chance et al., 
1980; Chance et al., 1985).  After a Fourier transformation of the free induction decay, 
metabolite concentrations can be derived by integrating the peak corresponding to each of 
the phosphorus-containing metabolites based on the specific resonance frequency.  A 
benefit of using 31P MRS is the acquisition of real-time changes in intramuscular PCr, Pi 
and ATP concentrations during the course of an exercise protocol and recovery (Chance 
et al., 1980; Chance et al., 1985; Kent-Braun et al., 1995; Lanza et al., 2006) (Figure 12).   
The Pi/PCr ratio can be used as an indicator of muscle work and disease.  At rest, 
skeletal muscle that is diseased and/or damaged (e.g. peripheral vascular disease, chronic 
muscle necrosis and muscular dystrophy) has exhibited an increased Pi/PCr compared to 
healthy subjects (McCully et al., 1988; Kent-Braun et al., 1995).  Studies of human 
steady-state wrist flexion using 31P MRS combined with ergometry, have shown that 
there is a repeatable linear relationship between the Pi/PCr ratio and work rate (Chance et 
al., 1985; McCully et al., 1991).  Furthermore, various diseased patients exhibited a 
decline in work rate for a given Pi/PCr ratio compared to healthy subjects during 
submaximal exercise (Kent-Braun et al., 1995).  The effects of chronic plantar fasciitis on 
the activity of intrinsic foot muscles using Pi/PCr has not been explored. 
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Figure 12.  A stack plot of 31P MRS spectra acquired over approximately two 
minutes for a human performing intermittent maximal contractions of the 
tibialis anterior.  The spectra illustrate the rise in muscular concentrations 
of inorganic phosphate (Pi), decline of phosphocreatine (PCr) and stability 
of adenosine triphosphate (ATP) (Lanza et al., 2006). 
 
Summary 
The previous sections showed that there is a lack of fundamental knowledge with 
regard to the coordination of the skeletal and muscular components of both the normal 
and pathological foot.  The complex musculoskeletal organization of the foot and 
reporting inconsistencies have made it difficult to isolate key components affecting the 
structural response of the foot and its subsequent effect on plantar fasciitis.  Previous 
investigations have generally been limited in their ability to effectively characterize 
intrinsic foot kinematics and muscle activity.  Treatments of plantar fasciitis have shown 
inconsistent results and may be optimized in the future given the potential insights 
provided in this project.  A complete understanding of the biomechanical characteristics 
of the foot construct would help in developing preventative measures and treatment 
guidelines for clinicians. 
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CHAPTER III 
PROPOSED METHODOLOGY 
General Introduction 
The goal of this dissertation was to characterize chronic plantar fasciitis in regards 
to biomechanics, size of muscles, and bioenergetics.  This chapter contains the 
methodologies that were proposed to accomplish this goal.  Ultimately, some 
methodological changes were made in the final outcome of this dissertation.  The final 
version of methodologies is presented in subsequent chapters. 
Part I – Biomechanics 
Introduction 
The traditional link-segment model used for gait analysis assumes that the foot is 
a single rigid segment (Robertson et al., 2004).  This model’s inability to solve for 
kinematic solutions within the foot has been exposed (Lundberg et al., 1989b; Kidder et 
al., 1996; Leardini et al., 1999; Carson et al., 2001; Simon et al., 2006).  A multi-segment 
foot model can be used to group bones into functional subunits to study intrinsic foot 
kinematics (Leardini et al., 2007).   
Kinematic models for quantitative biomechanical analysis are typically computed 
using a distal-to-proximal segment Cardan convention.  A limitation of this convention is 
that individual segment kinematics cannot be determined.  We have proposed to examine 
foot segment coordination using vector coding which provides kinematic information for 
the individual segments and their phase relationship (Chang et al., 2007).  This 
application of vector coding has provided conducive for interpreting rearfoot-forefoot 
movements in a manner that is more similar to previous descriptions (Hicks, 1954; 
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Bojsen-Moller, 1979).  Also, the addition of phase information might provide insight to 
plantar fascia deformations, and therefore an injury mechanism.  For example, rearfoot 
eversion countered by forefoot inversion, an anti-phase movement, may indicate twisting 
along the long axis of the plantar fascia.   
The purpose of this study is to determine whether there are differences in the 
intersegmental kinematics and phase coordination using a multi-segment foot model 
between healthy and a pes planus chronic plantar fasciitis foot. 
Subjects 
Rearfoot motion data from the literature (Hamill et al., 1992; McClay and Manal, 
1997; Chang et al., 2007) were used to estimate sample size for independent and 
dependent T-tests (α = 0.05, β = 0.80).  Using statistical software (Primer of Biostatistics 
version 3.01, McGraw-Hill, 1992), it was determined that a minimum of 17 subjects per 
group was sufficient.  
Table 3.  Estimates of sample size for t-tests (α = 0.05, β = 0.80) of EVmax based on 
mean differences to be detected and standard deviations (sd) from the 
literature (Hamill et al., 1992; McClay and Manal, 1997; Chang et al., 
2007).   
            
   Difference of  Expected sd  Sample   
T-Test    Means (°)   within group (°)  Size    
Independent  5.0   2.9   7 
Independent  5.0   5.0   17 
Dependent  5.0   5.0   10   
 
The plantar fasciitis group (PF) will be composed of 17 individuals having a pes 
planus foot type and chronic unilateral plantar fasciitis.  Subjects must be 30 to 55 years 
of age.  Symptoms must be persistent at minimum the three months leading up to the 
study.  There will be no upper time limit for symptoms.  Subjects must have pain upon 
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palpation of the plantar fascia and have had first step pain at least five times.  Subjects 
must not have had a local steroid injection within the last 2 months.  Other than steroid 
injection, individuals will be included whether or not they have sought home or 
professional care (e.g., ice, rest, heel cups, orthotics, and physical therapy).  Individuals 
presenting with secondary injuries associated with the pes planus foot (e.g., Achilles 
tendonitis, patellofemoral pain, metatarsalgia, tibialis posterior pain, and hallux valgus 
pain) may be included with discretion.  Secondary injuries must be perceived by the 
individual to be inferior in symptoms and interference of daily activities than the plantar 
fasciitis symptoms.  We chose to define a pes planus foot as one with a medial 
longitudinal arch ratio that is more than 1.5 standard deviations below the reported norm 
(< 0.2515) (Williams and McClay, 2000).  It has been shown that an arch ratio based on 
dorsum foot height and truncated foot length at 90% of weight bearing is a valid and 
reliable measure of arch height (Williams and McClay, 2000).  Exclusion criteria will be 
based on self-report and will include: arthritis, neurological disorders, myopathies, local 
cardiovascular disorder, local infections and tumors, pregnancy and a body mass index 
(BMI) greater than 30.   
A control group (CON) of 17 healthy age-, weight- and gender-matched 
individuals will be used.  These subjects will have arch ratios that are within one standard 
deviation from the norm (range: 0.265 - 0.319).  They will have no history of plantar 
fasciitis or any musculoskeletal injury in the last year that would affect their gait.  They 
will meet the exclusion criteria as did the PF group and considered healthy as per a 
modified Physical Activity Readiness Questionnaire (PAR-Q).   
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To quantify each subject’s foot health-related function, the revised Foot Function 
Index (FFI-R) will be completed (Budiman-Mak et al., 2006).  The FFI-R is a self-report 
questionnaire consisting of 34 unique visual analog scales that measures issues related to 
pain, stiffness, disability, activity limitation, and psychosocial stress.  The questionnaire 
is a result of revisions addressing the limitations of the widely used Foot Function Index 
(FFI) (Budiman-Mak et al., 1991).  Study methods will be approved by the university 
IRB and subject consent documented.   
Experimental Set-Up 
Kinematic and kinetic data will be collected using a 3D movement analysis 
system (Qualisys Medical AB, Gothenburg, Sweden) and force plate (Advanced 
Mechanical Technologies, Inc., Watertown, MA, USA) that are operated by a micro-
computer.  Eight high-speed infrared cameras (Oqus 3) will be set up in a circular fashion 
around a walkway with the force plate at the centre (Figure 13).  The analog force plate 
signal will be amplified then converted to a digital signal (PCI-DAS6402/16, 
Measurement Computing Corp., Norton, MA, USA,).  An orthogonal global coordinate 
system will be used: X (medio-lateral), Y (antero-postero) and Z (vertical axis).  The 
movement analysis system will be calibrated by wand and L-frame with a non-linear 
transformation.  Two photo gates located at the opposite ends of the walkway will start 
and stop a timer when triggered by a passer-by.  
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Figure 13.  Apparatus configuration for kinematic and kinetic data collection. A 
personal computer (PC) operates eight cameras and a force platform.  Two 
photo gates are setup near the start and end of the walkway (shaded).  The 
axes and position of the global coordinate system are shown. 
 
 
Kinematic Model 
Multi-Segment Foot Model 
 
The non-invasive multi-segment foot model proposed by Leardini et al. (2007) 
will be implemented to acquire 3D movements of the rearfoot (tarsus), forefoot 
(metatarsus), and planar motions of the big toe (hallux) and medial arch angle (Figure 
14).  This model was chosen over other multi-segment foot models (e.g. Leardini et al., 
1999; Carson et al., 2001; Simon et al., 2006) because: 1) recommended marker positions 
minimize skin movement artefact by avoiding the path of tendons, 2) external wands or 
fixtures are not used in this model, 3) special calibration devices are not needed, and 4) 
segments are clinically relevant.  Model construction is described in detail elsewhere 
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(Leardini et al., 2007), therefore an overview of segment definitions and marker 
placement is provided.  Note that the mid-foot segment will not be examined here.  
 
Figure 14. Segment definitions and marker positions for the multi-segment foot 
model (Leardini et al., 2007). 
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Table 4.  Segment and marker configurations. 
            
Rearfoot  
Segment Type: 3D 
CA: Achilles’ tendon attachment. 
PT: Peroneal tubercle.  
ST: Sustentaculum tali.  
IC: Virtual marker at the mid point between ST and PT. 
Origin: CA. 
Tracking Markers: CA, PT, ST 
Forefoot  
Segment Type: 3D 
FMB: Dorso-medial aspect of the base of the first metatarsal. 
FMH: Dorso-medial aspect of first metatarsophalangeal head. 
SMB  Dorso-medial aspect of the base of the second metatarsal. 
SMH  Dorso-medial aspect of the second metatarsophalangeal head. 
VMB  Dorso-lateral aspect of the fifth metatarso-cuboid base. 
VMH  Dorso-lateral aspect of the fifth metatarsophalangeal head. 
Origin: SMB 
Tracking Markers: FMB, FMH, SMB, SMH, VMB and VMH. 
Hallux  
Segment Type: Line – 2D 
PM:  Most distal and dorsal point of the head of the proximal phalanx of 
the hallux. 
FMH:  Dorso-medial aspect of first metatarsophalangeal head. 
Tracking Markers: PM and FMH. 
First  Metatarsal 
 Segment Type: Line – 2D 
FMB:  Dorso-medial aspect of the base of the first metatarsal. 
FMH:  Dorso-medial aspect of first metatarsophalangeal head.   
            
 
 
Figure 15.  Planar angles as defined by line segments of the medial longitudinal arch 
(MLA) and first metatarso-phalangeal joint (FMTPJ).  
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Leg Segment 
 
The leg segment will be defined using four anatomical calibration markers: lateral 
femoral epicondyle, medial femoral epicondyle, lateral malleolus and medial malleolus.  
Four markers mounted on a rigid plate will be located at the distal lateral leg to track the 
shank (Manal et al., 2000). 
Protocol 
After signing an informed consent, retroreflective markers (diameter 8.0 mm) will 
be placed on the right leg and foot according to the kinematic model.  One tester will 
position markers for all subjects to reduce the variability of marker placement (Della 
Croce et al., 1999).   
Subjects will perform standing calibration and walking trials.  Kinematic and 
kinetic data will be synchronized and collected at 400 Hz and 2000 Hz respectively 
(Qualisys Track Manager, Qualisys Medical A B, Gothenburg, Sweden).  In calibration 
trials, subjects are to stand quietly with feet, hips and torso in line with the Y axis of the 
global coordinate system.  Leg calibration markers will be removed after calibration 
trials.  In walking trials, subjects will walk across the walkway at a constant speed (1.35 
ms-1 ±5%).  Time elapsed and walking speed will be assessed by the timer.  Ample 
number of trials (> 15) will be saved for digitization because it is anticipated that some 
motion captures files may not have a complete marker set.  
Data Reduction 
Marker positions for a calibration trial and ten stance periods will be digitized and 
their locations reconstructed in 3D for each subject (Qualisys Track Manager, Qualisys 
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Medical AB, Gothenburg, Sweden).  These data will be exported in C3D file format for 
analysis.  
Data will be processed in Visual 3DTM software (C-Motion, Inc., Rockville, MD, 
USA).  A fourth-order low-pass Butterworth filter will smooth marker histories.  Segment 
and joint kinematics will be computed allowing six degrees of freedom. All joint and 
segment angles will be distal relative to proximal and decomposed using a Cardan Xyz 
sequence (Cole et al., 1993).  Joint angles will be normalized to positions in the standing 
trial and time normalized to 100% stance.  To limit the potential of masking differences 
by averaging over 100% stance (AS), three sub-phases will be considered: early stance 
(ES; 1-33%), midstance (MS; 34-66%) and late stance (LS; 67-99%).   
Kinematic Measures 
Rearfoot joint kinematics (RFjt) will be reported as the rearfoot relative to the leg.  
Rearfoot motion kinematic variables of interest include: inversion angle at touchdown 
(InvTD), maximum eversion angle (EVmax) and total rearfoot inversion-eversion excursion 
(EVtot) ((Bates et al., 1978); (Hamill et al., 1992); (McClay and Manal, 1998)).  The 
excursion of the forefoot relative to the rearfoot (minimum-maximum) will also be 
reported (FF:RF) in each anatomical plane.   
Line segments will be used to calculate 2D kinematics (Figure 15).  The first 
metatarso-phalangeal joint angle (FMTPJ) is the angle of the hallux relative to the first 
metatarsal line segment. The medial longitudinal arch angle (MLA) is as the line 
projected from CA to ST relative to ST to FMH.  
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Table 5.  Summary of rotational references for model variables. 
            
Variable  Rotational Reference       
RFjt   Rearfoot segment relative to shank. 
FF:RF   Forefoot segment relative to the rearfoot segment. 
RFseg   Rearfoot segment relative to global coordinate system. 
FFseg   Forefoot segment relative to global coordinate system  
 
Coordination Measures 
A vector coding method will be used (Sparrow et al., 1987; Hamill et al., 2000; 
Heiderscheit et al., 2002) and coordination will be classified according to the coupling 
angle (Chang et al., 2007).  The coordination of two couplings will be examined: 1) 
rearfoot - forefoot couple, and 2) MLA-FMTPJ couple (windlass mechanism).  
Coordination measures will be based on segment angles of the rearfoot (RFseg), forefoot 
(FFseg) and the planar angles MLA and FMTPJ.  Segment rotations will be computed 
relative to the global coordinate system.  Angle-angle diagrams will be constructed with 
the distal segment relative to proximal segment, and a right-hand positive convention.  
For example, in the rearfoot-forefoot coupling, inversion will be considered positive 
(Figure 16).  The coupling angle γ, that is, the angle subtended from a vector adjoining 
two successive time points (i) to the right horizontal, is calculated:  


 



ii
ii
i xx
yy
1
11tan  
 where 0° ≤ γ ≤ 360° and i is a percent stance. 
The value of the coupling angle in degrees (or radians), can provide insight as to 
how two joints are coordinated (Figure 16) (Sparrow et al., 1987; Hamill et al., 2000; 
Heiderscheit et al., 2002).  Phase angles that lie along the positive diagonal, 45° and 
225°, indicate that both segments are rotating in the same direction in a given plane.  
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Therefore, the couple is in phase (e.g. rearfoot eversion and concurrent forefoot 
eversion).  Anti-phase coordination, on the other hand is indicated by coupling angles 
that lie along the negative diagonal, 135° and 315°.  In this circumstance, segments are 
rotating in opposite directions (e.g. rearfoot eversion countered by forefoot inversion).   
Additionally, two other types of coordination may be inferred using the phase 
angle.  Coupling angles that lie on the vertical (90° and 270°) or horizontal axis (0°, 180° 
and 360°) indicate that one segment is changing while the other is not.  Phase angles 
along the horizontal indicate that movements occurred in the proximal segment but not in 
the distal.  Conversely, 90° and 270° indicate distal segment rotations only.  Due to the 
redundancy of movement categories in quadrants that are diagonal to one another, we can 
constrain the coupling angles to the top two quadrants by subtracting 180 from phase 
angles greater than 180: 
180 ii   where γi > 180 
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Figure 16.  An angle-angle diagram of rearfoot-forefoot movement in the frontal 
plane.  The data are overlaid with a polar plot to illustrate coordination 
types: in-phase, anti-phase, rearfoot and forefoot).  The box on the left 
presents an expanded view of the data points of three coupling angles (γ). 
 
Phase coordination will be categorized based on the coupling angle.  Four types of 
coordination will be considered: 1) Anti-phase (ANTI); 2) in-phase (IN); 3) a leading 
proximal segment (PROX); 4) a leading distal segment (DIST).  Each type of 
coordination will have a 45° bin size for categorization (Table 6).   
Table 6.  Coordination categorization scheme for coupling angles 0-180°. 
           
Phase Coordination  Coupling Angle Boundaries    
Anti-Phase    112.5° <  γ  ≤ 157.5° 
In-Phase      22.5° <  γ  <   67.5° 
Proximal Segment   157.5° < γ ≤  180.0°  or, γ  ≤ 22.5° 
Distal  Segment     67.5° < γ ≤  112.5°    
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Coordinative variability will be quantified by the standard deviation in γ at i.  
Since γ is directional (oscillates between 0 and 360°), circular statistics are necessary.  
First, the mean x and y components at time i are calculated.  



n
i
ii n
x
1
cos1   



n
i
ii n
y
1
sin1   
The mean coupling angle ( ) at i is then calculated.  


 
i
i
i x
y1tan , if 0iy  


 
i
i
i x
y1tan180 , if 0y  
The length of the mean vector ( ir ) is derived from the mean x and y components. 
The deviation of ir  from unity indicates the directional concentration of i . 
)( 2
2
iii yxr    0 < r  ≤ 1 
The standard deviation (s2) of i  provides a measure of variability.  s2 is a 
transformation of the mean vector into a variance score in degree units (Batschelet, 
1981). 
180)1(22  ii rs  
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Statistical Analysis 
Kinematic Measures 
InvTD, EVmax, EVtot will be averaged for within a subject and by group.  
Dependent and independent T-tests (α=0.05) of the group means will be used to 
determine kinematic differences between PFA and PFU, and PFA and CON respectively.  
Coordination Measures 
Occurrence frequency for a coordination type will be noted for each stance and 
averaged within each subject.  Group (PF and CON) means by movements (ANTI, IN, 
DIST and PROX) for a given phase of stance (ES, MS, LS) will computed. Independent 
T-tests (α=0.05) of the means will be used to determine differences in coordination type 
between PFA and CON during early stance, midstance, and late stance. 
Coordinative variability will be averaged for a stance phase of interest (AS, ES, 
MS and LS).  Independent T-tests (α=0.05) will be used to determine whether there are 
differences in mean coordination variability between PFA and CON during those phases. 
Part II – Atrophy 
Introduction 
It is possible that atrophy occurs during the course of chronic plantar fasciitis as 
an individual’s activity is curtailed.  The burden of chronic heel pain has shown to 
negatively impact function in daily living, function in sport and recreation, and foot and 
quality-of-life (Roos et al., 2006).  Intrinsic foot muscles and the posterior tibialis muscle 
are believed to play an important role in providing support to the medial longitudinal arch 
(Mann and Inman, 1964; Fiolkowski et al., 2003; Headlee et al., 2007).  A reduced 
participation by these muscles could prolong the healing process by putting added stress 
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onto the already compromised plantar fascia.  The purpose of this study is to determine 
whether pes planus chronic plantar fasciitis is accompanied by atrophy of foot muscles.   
Subjects 
Plantar fasciitis and CON subjects described in Study 1 will be studied.  Muscle 
CSA data from Kent-Braun et al. (2000) were used to estimate sample size for T-tests (α 
= 0.05, β = 0.80).  Six subjects per group will be recruited (Primer of Biostatistics version 
3.01, McGraw-Hill, 1992).  
Table 7.  Sample size estimations for t-tests (α = 0.05, β = 0.80) of muscle CSA.  
Mean differences and the expected standard deviations (sd) based on (Kent-
Braun et al. 2000).   
            
   Difference of  Expected sd  Sample   
T-Test    Means (cm2)   within group (cm2)  Size    
Independent  3.0   1.6   6 
Dependent  3.0   1.6   5   
 
Experimental Set-up 
We will use a 1.5 Tesla Signa Excite (GE Medical Systems, Milwaukee, WI) MR 
system and a quad-knee volume coil for the foot.  
Protocol 
Axial images of the foot and leg will be taken bilaterally using magnetic 
resonance imaging.  Subjects will lie on the bed and a bird-cage coil will be secured to 
the foot.  The coil will aid in positioning the ankle at 90° to reduce movement artefacts.  
Scout images will be used to guide the foot and leg to the magnet isocenter.  A spin-echo 
sequence will be used to capture T1 weighted images (TR=550ms, TE=9 ms; 
matrix=512x 512).  DICOM image files will be saved onto transportable media for 
analysis.   
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Data Reduction 
Custom software (Hasson, Caldwell, Foulis and Kent-Braun) written in Matlab 
(Mathworks Inc., Natick, USA) will be used to determine muscle CSA for MR images.  
Muscle cross sectional areas can be grossly approximated by summing all pixels within a 
carefully digitized muscle contour.  However, this may be an over approximation of 
muscle content since non-contractile tissues, such as fascia and fat, are contained within 
the perimeter of muscle.  A better approximation of muscle area within a contour is 
obtained by differentiating muscle pixels according to pixel intensity (Kent-Braun et al., 
2000).  Due to the magnetic gradient along the long axis of the bore, signal and pixel 
intensity will also be graded across a series of images.  Therefore, the range of intensities 
that relates to muscle tissue will require calibration for each image.  To do so, a portion 
of the image that contains a sample of the darker muscle pixels and the lighter fat pixels 
will be selected by the user.  The distribution of pixel intensities within this sample image 
will be examined and a range of intensities associated with muscle will be specified 
(Figure 17).  Once the muscle contour for a give slice is digitized by the user, the 
threshold rule will be applied to subtract pixels that are not muscle.   
 
Figure 17.  Pixel intensity histogram for a portion of a T-1 weighted image of the leg.  
The sharp peak on the left is related to muscle pixels and the broad peak is 
related to fat pixels (Kent-Braun et al., 2000). 
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The tibialis posterior muscle and all intrinsic foot muscles will be digitized as a 
group for a series of leg and foot images.  Within each series, the image with the largest 
muscle CSA will be identified.  For each slice, the following variables will be examined: 
total CSA, contractile CSA, non-contractile CSA, percent contractile, percent non-
contractile. 
Six axial MRI slices will be analyzed in the foot.  Two representative slices will 
be taken at three regions of the foot: rearfoot, midfoot, and forefoot.  The contractile CSA 
will be summed for these six slices (CSA6).   
Statistical Analysis 
Independent and dependent T-tests (α=0.05) of group means will be used to 
determine the differences between CON and PF. 
Part III – Muscle Energetics 
Introduction 
It is believed that intrinsic foot muscles and the plantar fascia together play an 
important role in dynamic support of the medial arch (Mann and Inman, 1964; 
Fiolkowski et al., 2003).  A combination of a compromised plantar fascia and atrophy 
could increase the relative demand on the intrinsic foot muscles during a given task.  
However, the measurement of muscle activity within the foot is problematic.  Only a few 
intrinsic muscles lie sufficiently near the surface for use of EMG, while the remaining 
muscles are deep and out of detectable range.  31P MRS on the other hand, allows the 
user to measure muscle activity in a region of interest. The technique can be used to 
quantify changes in phosphocreatine (PCr) concentration that are due to muscle 
(metabolic) activity (Kemp and Radda, 1994).  This study represents a first-step in 
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quantifying intrinsic foot muscle activity via 31P MRS and the effects of chronic plantar 
fasciitis.  Our pilot studies have shown that this non-invasive technique is sensitive 
enough to reveal differences in metabolic activity of the intrinsic foot muscles during rest 
versus walking.  The purpose of this study is to determine whether after a walking 
protocol, there is increased activity of the intrinsic foot muscles on the affected side in 
comparison to the unaffected side, in pes planus chronic plantar fasciitis. The 
interpretation of these results will be guided by the findings on kinematic and the muscle 
size. 
Subjects 
This study will examine the PF subjects of Study 1 and 2.  An estimate of sample 
size was performed for PCr (Table 8) and Pi (Table 9) for a dependent T-test (α = 0.05, β 
= 0.80) using millimolar concentrations of Pi and PCr data from pilot work and literature 
(Lanza et al., 2006).  Eight subjects will be measured at minimum (Primer of Biostatistics 
version 3.01, McGraw-Hill, 1992). 
Table 8.  Sample size estimations for PCr t-tests (α = 0.05, β = 0.80).  Mean 
differences and standard deviations (sd) based on Lanza et al. (2006) and 
pilot work.   
            
   Difference of  Expected sd  Sample   
T-Test    Means (mM)   within group (mM)  Size    
Dependent  5.0   3.1   8 
Dependent  10.0   3.1   4   
 
Table 9.  Sample size estimations for Pi t-tests (α = 0.05, β = 0.80).  Mean differences 
and standard deviations (sd) based on Lanza et al. (2006) and pilot work.   
            
   Difference of  Expected sd  Sample   
T-Test    Means (mM)   within group (mM)  Size    
Dependent  4.7   3.1   8 
Dependent  11.0   3.1   3   
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Experimental Set-up 
A 4-Tesla MRS system (Bruker Biospin, Rheinstetten, Germany) will be used to 
measure changes in intramuscular metabolites within the foot.  The surface coil consists 
of a coplanar 1H coil (d= 6cm) and an elliptical 31P coil (3 x 5cm).  
Protocol 
Intramuscular concentrations of [PCr] and [Pi] will be measured using a pre- and 
post-walking experimental design.  Since only one foot may be measured at a time, the 
experiment sequence will be performed twice per subject.  The order of the foot to be 
measured will be randomized by a coin toss.  To obtain resting PCr and Pi prior to 
walking (PRE), subjects will be positioned supine with their knee flexed inside the bore 
of the superconducting magnet.  The surface coil will be positioned under the medial arch 
of the foot.  Adjustments to the subject’s foot position will be made until scout images 
confirm that the foot is in the magnet’s isocenter.  Homogeneity of the magnetic field will 
be optimized using fast automatic shimming techniques (FASTMAP).  31P free induction 
decays (FIDs) will be captured for 3 minutes (100μs, 60° nominal flip angle, TR=2s, 
2048 data points, spectrum width=8000Hz).  Once PRE measurements are complete, 
subjects will be removed from the magnet and the position of the coil will be outlined on 
the foot by ink.   
Subjects will be transported by wheelchair to the treadmill room (approx 50 feet) 
where they will rest in a seated position for 5 minutes.  Subjects will be asked to walk 
barefoot on a treadmill for 7 min at 1.5 ms-1.  To preserve the metabolic disturbance as a 
result of barefoot walking within the intrinsic muscles of the foot, a blood pressure cuff 
around an ankle will be inflated within approximately 30 seconds to supra-systolic 
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pressure (> 220mmHg) within the last step.  The cuff will impede the flow of oxygen to 
the muscle and therefore prevent oxidative recovery of PCr.  In less than four minutes, 
subjects will be wheeled to the MR unit and repositioned in the superconducting magnet 
as in PRE.  The collection of POST 31P FIDs will begin five minutes after the end of the 
treadmill protocol.  The collection parameters for PST will be the same as PRE. The cuff 
will be deflated once the FIDs are collected.  This protocol will be performed twice for 
each subject with sufficient rest in between (> 20 min) so that both the affected and 
unaffected side are measured. 
Data Reduction 
Concentrations of PCr and Pi will be quantified using NUTS software (Acorn 
NMR Inc., Livermore, CA, USA).  A series of FIDs obtained within a condition will be 
averaged then multiplied with a 10Hz line function to improve the signal to noise ratio.  
The resulting FID will be transformed from the time to the frequency domain using a 
Fourier transformation.  Frequency signals will be corrected for phase distortions.  The 
spectral baseline will be fit to a 5th order polynomial, then subtracted. PCr and Pi peaks 
will be identified by their distinct resonant frequencies.  Relative concentrations of PCr 
and Pi will be quantified by integrating the Lorentzian curve that will be fit to the peak 
using a least squares fit algorithm. Millimolar concentrations, [PCr] and [Pi], will be 
determined by assuming [PCr] + [Pi] = 42.5 mM (Harris et al., 1974). 
Statistical Analysis 
The difference in PRE and POST in [Pi], [PCR] and Pi / PCr will be compared 
between the affected and the unaffected foot with a paired T-test (α=0.05) for each 
subject. 
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CHAPTER IV 
 
PART I – A MULTI-SEGMENT FOOT ANALYSIS OF THE AMBULATING 
PLANTAR FASCIITIS FOOT  
Abstract 
Six aspects of the foot have been identified which were believed to be important 
in the biomechanical characterization of plantar fasciitis (PF) feet: 1) rearfoot motion, 2) 
forefoot motion, 3) rearfoot-forefoot coupling and variability, 4) first metatarso-
phalangeal joint (FMPJ) motion, 5) FMPJ - medial longitudinal arch (MLA) coupling and 
variability, and 6) ground reaction forces.  The purpose of this study was to determine 
whether PF feet are different from healthy feet in regards to these six aspects.  Retro-
reflective skin markers were fixed to subjects according to a multi-segment foot model 
and leg model.  Ground reaction forces and three dimensional (3D) kinematics of the leg, 
rearfoot, forefoot and hallux segment were captured as individuals walked at 1.35 ms-1.  
With respect to healthy individuals, PF feet exhibited: 1) greater rearfoot motion, 2) 
greater sagittal plane forefoot motion, 3) fewer frontal anti-phase movements, and less 
transverse coordinative variability, 4) greater FMPJ dorsiflexion, 5) greater coupling 
variability, and 6) decreased vertical ground reaction forces during second peak.  It was 
concluded that PF feet exhibit excessive kinematics which would put undue strain on the 
plantar fascia, a mechanism which is consistent with the theoretical causation of PF.  
Coordinative variability results were consistent with dynamical systems theory for the 
rearfoot-forefoot couple, but contrary to in the FMPJ-MLA couple.  Ground reaction 
forces suggested a compensatory response. 
  80 
 
Introduction 
Anatomists, clinicians and scientists agree that the foot is complex both in 
anatomy and in biomechanics.  Foot architecture is a conglomerate of layered connective 
tissues, small muscles, irregularly shaped bones and numerous articulations (i.e., over 
100 soft tissue elements, 28 bones and 33 joints).  While the anatomy and morphology of 
the foot has been described in great detail (e.g. Sarrafian, 1983), the biomechanical 
theories surrounding the foot have been much more difficult to quantify and validate in 
vivo.  Towards a common goal of understanding the mechanical capabilities of the foot in 
loading and propulsion, several individuals have proposed and described the most likely 
biomechanical events at the medial longitudinal arch, the midtarsal joint, and intrinsic 
foot muscles (Manter, 1941; Hicks, 1953a; Elftman, 1960; Mann and Inman, 1964; 
Bojsen-Moller, 1979).  Yet, these fundamental ideas of intrinsic foot mechanics have for 
the most part, evaded quantitative confirmation. 
The manner in which the foot is modeled in human biomechanics has been a 
major obstacle to the quantification of intrinsic foot mechanics.  Traditionally, in vivo 
human joint kinematics are analyzed using a link-segment model with the foot modeled 
as a single rigid segment (White et al., 1989; Areblad et al., 1990; Robertson et al., 2004).  
While this technique has provided substantial insight into the movements at the hip, knee 
and ankle (Cavanagh, 1987; Winter et al., 1990b; Vaughan, 1996; Sutherland, 2002), it is 
a technique which cannot solve for kinematic solutions for the intrinsic foot structures 
(Kidder et al., 1996).  Therefore, use of the traditional link segment model, which 
continues to be the most commonly used method for clinical gait analysis, has not 
improved the understanding of intrinsic foot segmental coordination.  Thus, 
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biomechanical modeling for the purposes of advancing knowledge of injuries within the 
foot, such as plantar fasciitis, has been obstructed.  
The study of plantar fasciitis from a biomechanics standpoint necessitates 
information regarding the intrinsic foot structures.  An investigation of plantar fasciitis is 
clinically important because it is a debilitating disorder of the foot (Roos et al., 2006) that 
affects more than two million Americans every year (Pfeffer et al., 1999).  The plantar 
fascia is an aponeurotic tissue which spans the length of the foot from the rearfoot to 
forefoot and it provides stability to the medial longitudinal arch (Huang et al., 1993).  It is 
believed that plantar fasciitis is a deterioration of the plantar fascia, which manifests from 
excessive and/or repetitive loading (Wearing et al., 2003; Warren, 1990).  Clinical 
doctrine indicates that excessive tensile loads result directly from midtarsal joint 
pronation, medial longitudinal arch flattening and/or pronounced rearfoot eversion 
(Subotnick, 1981; Taunton et al., 1982; Shama et al., 1983b; Kwong et al., 1988; 
Prichasuk and Subhadrabandhu, 1994).  However, studies that have measured rearfoot 
motion (Warren and Jones, 1987; Messier and Pittala, 1988), arch kinematics (Wearing et 
al., 2004) and arch height (Warren, 1984; Rome et al., 2001) have not found an 
association between plantar fasciitis and “excessive” mechanics.  These studies have been 
significantly limited by the shortcomings of the single rigid segment foot model and 
errors associated with two dimensional (2D) measurement.  Moreover, there is 
disagreement in the literature in regards to what extent ground reaction forces are 
different in plantar fasciitis feet from healthy feet (Katoh et al., 1983a; Liddle et al., 
2000).   
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In more recent years, a variety of multi-segment foot models have been proposed 
(Kidder et al., 1996; Leardini et al., 1999; Carson et al., 2001; MacWilliams et al., 2003; 
Stebbins et al., 2006; Leardini et al., 2007).  Owing to improved camera and computer 
technology, it is possible to put these models into practice in a typical clinical gait 
laboratory setup.  These models provide an opportunity to examine the long-standing 
theories concerning coordination of the rearfoot, forefoot and hallux segments.  While 
relatively new and so far sparingly practiced, valuable contributions to the body of 
literature on foot mechanics research have been made (Scott and Winter, 1990; Hunt et 
al., 2001; MacWilliams et al., 2003; Buczek et al., 2006; Rao et al., 2007; Pohl and 
Buckley, 2008).   
One further problem in the validation of mechanical foot theories is the mismatch 
in which kinematics are described conceptually in comparison to the way in which they 
are reported.  In qualitative foot mechanics literature, there is an emphasis on the 
coordination of segment couples.  One prominent theory is that in late stance, the forefoot 
counter-rotates upon the rearfoot (forefoot pronation coupled with rearfoot supination).  
Instead of reporting coupled motion, most quantitative techniques report the resultant 
angle between the two segments (Stebbins et al., 2006; Leardini et al., 2007).  Therefore, 
it is unclear whether previous data (Hunt et al., 2001) support or refute the notion of a 
counter-rotation in the foot.  We have expanded a vector coding technique to facilitate 
interpretation of rearfoot-forefoot movements in a manner that is more conducive for 
comparison with previous descriptions (Chang et al., 2008).  The technique summarizes 
coordination patterns into four phase terms.  It has been suggested that rearfoot-forefoot 
anti-phase would result in deformation of the plantar fascia both distally and proximally.  
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As such, they may be a deleterious movement pattern for the plantar fascia.  Moreover, 
the vector coding technique allows for dynamical systems theories to be explored in the 
context of characterizing healthy and pathological foot function.   
Dynamical systems theory has shed new light on the interpretation of 
coordination variability in overuse injuries (Hamill et al., 1999), and these theories have 
yet to be explored in the study of plantar fasciitis.  Coordination and performance 
variability has been traditionally viewed as a measure of disability.  On the other hand in 
dynamical systems analyses, variability is a measure of functional flexibility which rises 
and facilitates the transition between two modes (Kelso, 1984; Kelso, 1995).  There has 
been some proof of concept in human systems.  For example, individuals with 
Parkinson’s disease have reduced relative phase variability and greater difficulty 
transitioning from one coordinative mode to another (Van Emmerik et al., 2000).  In 
regards to overuse injuries, individuals with patellofemoral pain have exhibited reduced 
knee coordination variability (Heiderscheit, 2000; Hamill et al., 1999; Heiderscheit et al., 
1999; Heiderscheit et al., 2002).  In the foot, there is a major transition from loading to 
propulsion in which the foot changes from a compliant structure to a rigid structure 
(Manter, 1941; Hicks, 1953; Elftman, 1960; Mann and Inman, 1964; Bojsen-Moller, 
1979).  Conceptually, there is potential to interpret coordination variability for the 
purposes of characterizing the presence of plantar fasciitis from a dynamical systems 
perspective.  It is likely that there is a ‘window’ of functional variability. Too much or 
too little variability may be detrimental and dynamical systems approaches can assist in 
the interpretation of variability.  Coordination variability is expected to increase as the 
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foot transitions from a compliant structure to a rigid structure, and presence of plantar 
fasciitis is expected suppress the magnitude of variability. 
It is not clear whether individuals with plantar fasciitis exhibit changes in their 
ground reaction force profiles.  When subjects are allowed to walk at a self-selected 
speed, some researchers have shown that vertical ground reaction forces are unchanged 
with plantar fasciitis (Wearing et al., 2003; Liddle et al., 2000), while others have shown 
reductions in the peak magnitudes (Katoh et al., 1983).  Experimental control of walking 
speed, however, may bring some clarity to this issue.  For instance in the study by Katoh 
et al. 1983), the plantar fasciitis individuals walked slower than the healthy controls.  It is 
well know that peak ground reaction forces are directly related to walking speed 
(Andriacchi et al., 1977), and therefore, differences were confounded by walking speed.  
Due to the discrepancy in the literature, our aim was to compare the ground reaction force 
profiles of healthy and plantar fasciitis feet at the same walking speed. 
Therefore, the purpose of this study was to characterize healthy and chronic 
plantar fasciitis feet via a multi-segment model in regards to kinematics, coordination, 
coordinative variability and ground reaction forces.  
Hypotheses 
 Hypotheses were made for rearfoot motion, forefoot motion, rearfoot-forefoot 
coupling and variability, FMPJ – medial longitudinal arch (MLA) coupling and 
variability, and ground reaction forces.  Compared to healthy subjects, we hypothesized 
that PF feet would exhibit greater maximum rearfoot eversion, total inversion-eversion 
and maximum eversion velocity.  In forefoot motion, the overall hypothesis was that 
plantar fasciitis feet would exhibit pronounced forefoot kinematics that are consistent 
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with overpronation.  More specifically in each anatomical plane (sagittal, frontal and 
transverse), we hypothesized that PF feet would demonstrate greater maximum, total 
motion, and peak velocities.  With rearfoot-forefoot coupling and variability, we 
hypothesized that the coupling angles would differ between healthy and plantar fasciitis 
feet; that plantar fasciitis feet would exhibit more frequent anti-phase movements than 
healthy feet; and that plantar fasciitis feet would exhibit reduced levels of coordinative 
variability.  We hypothesized that presence of plantar fasciitis would alter the coupling 
angles of the FMPJ and MLA in late stance and that the plantar fasciitis individuals 
would exhibit reduced coordinative variability consistent with dynamical systems theory.  
Concerning ground reaction forces, we hypothesized that the peak vertical ground 
reaction forces at loading and at propulsion would differ between PF and CON.  These 
ground reaction force hypotheses were not directional given the disagreement in the 
literature. 
Methods 
Subjects 
Twenty-two healthy controls (CON) and twenty-two individuals with plantar 
fasciitis (PF) gave their informed consent to participate in this study.  Individuals 
qualified if they were 30 to 60 years of age.  In PF subjects, symptoms were persistent at 
minimum the three months leading up to the study.  Also, PF subjects had pain upon 
palpation of the plantar fascia and had experienced first step pain that is characteristic of 
plantar fasciitis at least five times.  Foot posture was quantified via the standing arch ratio 
(Williams and McClay, 2000) and the foot posture index (Redmond et al., 2006.)  Due to 
the purported difference of injury mechanism, individuals with a high arch foot type were 
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excluded.  A high arch foot was defined as a standing arch ratio greater than 0.357, one 
standard deviation above the University of Massachusetts Biomechanics laboratory 
present mean value.  Exclusion criteria included a history of: a local steroid injection 
within the last 2 months, arthritis in the lower extremities, local traumatic injury, 
neurological disorders, myopathies, local cardiovascular disorder, local infections and 
tumors, pregnancy and a body mass index greater than 35.  The mean duration of 
symptoms in PF subjects reported at the time of inclusion in the study was 4.5 years 
(ranging from 0.35 – 28 years).  The two groups did not differ in height, body mass, 
standing arch ratio and foot posture index (Table 10).   
Table 10.  Descriptive statistics for subject (means ± sd).  The p-values are provided 
for t-tests. 
             
Variable    Control  Plantar Fasciitis               p-value  
Age (years)     44.0   (10.0)     42.9     (7.6)    0.69 
Height (m)   171.0     (7.2)  165.6     (7.2)    0.47 
Mass (Kg)     72.5   (13.0)     74.5   (11.8)   0.62 
Standing Arch Ratio  0.327 (0.019)  0.318 (0.022)   0.15 
Foot Posture Index      2.6      (3.0)      4.0   (3.8)   0.20 
Preferred Walking Speed (ms-1)  1.31 (0.17)    1.28   (0.16)   0.60  
 
 
According to subjects’ responses to a Revised Foot Function Index (Appendix E) 
(Budiman-Mak et al., 2006), in comparison to CON, PF subjects reported significantly 
more: pain, stiffness, disability, activity limitation and social/emotional issues (Table 11).   
 
Table 11.  Group mean total scores (sd) for each section of the Revised Foot 
Function Index.  p-values provided for a t-test. 
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Section   Control  Plantar Fasciitis                  p  
Pain   0.2  (0.4)      6.6  (3.6)   <0.001 
Stiffness  1.6  (1.2)      5.1  (5.0)   <0.001 
Disability  0.3  (0.8)      9.5  (9.0)   <0.001 
Activity Limitation 0.0  (0.0)      3.4  (4.6)   <0.001  
Social Issues  0.0  (0.0)      2.8  (4.6)      <0.001  
 
Protocol 
Kinematic and kinetic gait data were collected using a three-dimensional (3D) 
motion capture system and force platform.  The leg was defined proximally by markers at 
the medial and lateral femoral epicondyles, and distally at medial and lateral malleoli.  
Leg segments were each tracked with rigid cluster of four markers.  A non-invasive 
multi-segment foot marker set (Leardini et al., 2007) was implemented to track the 
rearfoot (tarsus) forefoot (metatarsus), hallux and medial longitudinal arch.  Due to recent 
findings which indicate that the fifth metatarsal behaves kinematically different from the 
medial aspect of the forefoot (Wolf et al., 2008; Arndt et al., 2007; Lundgren et al., 
2008), the forefoot model was modified to track four markers on the medial side (i.e. 
metatarsals I and II) and excluded the two markers on metatarsal V originally proposed 
by Leardini et al. (2007).  The forefoot segment was modified in light of research which 
indicates that the major joints on the medial side are morphologically and functionally 
different than those on the lateral side (Wolf et al., 2008).  For the purposes of our 
research questions, not only is the medial forefoot segment an acknowledgement to the 
deformable characteristics of the forefoot, but the medial forefoot is also more relevant 
when examining plantar fascia function (Hicks, 1954; Cheng et al., 2008).  The Leardini 
et al. (2007) foot model was chosen over other models (e.g. Leardini et al., 1999; Carson 
et al., 2001; Simon et al., 2006) because: 1) recommended marker positions minimize 
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skin movement artefact by avoiding the path of tendons; 2) external wands or fixtures are 
not used; 3) special calibration devices are not needed; and 4) segments are clinically 
relevant.  Coordinate system configuration is described in detail elsewhere (Leardini et 
al., 2007), therefore an overview of segment definitions and marker placement is 
provided (Figure 18, Figure 19, Table 12).   
Y
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Figure 18.  Segment and global coordinate systems for the rearfoot and forefoot 
based on the model proposed by Leardini et al. (2007).  Colored circles 
indicate tracking markers and dotted circles indicate location of coordinate 
system origins.  Half-filled circles indicated markers not used in the medial 
forefoot model.  See Table 12 for marker name and details.   
 
Table 12.  Segments, marker names and marker position adapted from Leardini et 
al. (2007).  
             
Segment Type  Marker Names: Details      
Rearfoot  3D  CA: Achilles’ tendon attachment 
PT: peroneal tubercle 
ST: sustentaculum tali 
 
Forefoot  3D FMB: dorso-medial aspect of the base of first metatarsal 
  FMH: dorso-medial aspect of first metatarsal head 
SMB: dorso-medial aspect of the base of the second 
metatarsal. 
SMH: dorso-medial aspect of the second metatarsal head 
VMB: dorso-lateral aspect of base of the fifth metatarsal, 
(tracked only in generalized forefoot model) 
VMH: dorso-lateral aspect of the fifth metatarsal head (used 
for defining forefoot coordinate system, only tracked in 
generalized forefoot model) 
 
Hallux 2D PM: most distal and dorsal point of the head of the proximal 
phalanx of the hallux. 
FMH: dorso-medial aspect of first metatarsal head 
First Metatarsal 2D 
FMB: dorso-medial aspect of the base of first metatarsal 
FMH: dorso-medial aspect of first metataral head 
             
Preferred walking speed was determined.  Subjects were asked to walk barefoot 
straight along a 10 meter walkway and to “walk at a comfortable pace—as if you’re 
going somewhere, but you’re not in a hurry to get there” (Norris et al., 2007).  Photocells 
timed their 6 meter walking time.  Individual means were based upon 5 trials. 
Kinematic and kinetic data were collected synchronously for standing calibration 
and walking trials on a straight 10 meter walkway.  Walking speed was set at 1.35 ms-1 ± 
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5%.  The data collection system consisted of eight circularly positioned 1.3 megapixel 
cameras (Oqus 3-series, Qualisys AB, Gothenburg, Sweden) sampling at 240 Hz and a 
force platform (BP6001200, AMTI Inc., Watertown, USA) sampling at 1920 Hz.  Due to 
the high number of markers for each limb, datasets were collected for one limb then the 
other.      
Data processing and model building were performed in Visual 3DTM (C-Motion 
Inc., Germantown, USA).  Five trials from a selected limb (right or left) for each subject 
were processed.  In bilaterally symptomatic PF subjects, data for the more symptomatic 
limb was selected for processing.  If a PF subject was affected equally on both limbs, 
selection was based on a block randomization process.  In CON, limb selection was 
randomized and the number of right and left data sets was matched to PF.  Marker 
histories and analog signals were smoothed with a 4th order, low-pass Butterworth filter 
at 8 Hz and at 70 Hz, respectively.  Joint angles were calculated with six degrees of 
freedom, distal relative to the proximal using a right-handed orthogonal Cardan Xyz 
sequence of rotations (Cole et al., 1993).  As such, the rearfoot joint angle was calculated 
rearfoot to leg segment, and the forefoot joint angle was calculated forefoot to rearfoot.  
In addition, forefoot and rearfoot segment angles were computed with each segment 
relative to a fixed laboratory coordinate system (LCS) (X-medio-lateral; Y-line of 
walking progression; Z-vertical).  Stance was identified according to the vertical ground 
reaction force at a 15 N threshold.  In accordance to the protocol described by Leardini et 
al. (2007), joint and segment angles were normalized to the standing position and time 
scaled to 100% of stance.  Kinematic data were averaged across five trials for each 
subject, and these means were used to calculate group means.  
  91 
 
 
 
Figure 19.  Planar angles as defined by line segments of the medial longitudinal arch 
(MLA) and first metatarso-phalangeal joint (FMPJ).  
 
Variables and Statistical Analyses 
Discrete kinematic variables were identified for each trial, averaged for that 
subject, and then averaged across the group.  Regarding rearfoot motion, variables of 
interest were limited to the frontal plane: inversion angle at touchdown (InvTD), 
maximum eversion angle (EVMax), total rearfoot inversion-eversion in stance, and 
maximum eversion velocity (EVMaxVel).  In forefoot kinematics, equivalent frontal 
plane variables were examined with the addition of sagittal and transverse plane motion 
variables: plantarflexion angle at touchdown (PFx TD), maximum dorsiflexion angle 
(Dorsi Max), total plantar-dorsiflexion motion in stance, maximum dorsiflexion velocity 
between 0% and 66% stance (Dorsi Max Vel), adduction angle at touchdown (Add TD), 
maximum abduction angle (Abd Max), total adduction-abduction motion in stance, and 
maximum abduction velocity between 0% and 66% stance. 
Kinematic hypotheses were directional (i.e. PF parameters were expected to be 
greater than CON), and therefore one-tailed independent t-tests (α = 0.05) were used to 
identify significant mean differences between PF and CON.  Ground reaction forces were 
CA 
MLA 
FMB FMB
FMH 
FMPJ 
PM 
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examined with two-tailed independent t-tests.  Effect sizes (ES) were computed to infer 
the importance of mean differences according to Cohen’s guidelines for small (ES=0.2), 
medium (ES=0.5), and large effects (ES=0.8) (Cohen, 1988). 
Coordinative patterns of the rearfoot-forefoot couple were examined with an 
elaborated vector coding technique across three equally long stance periods: early (1-33% 
stance), mid- (34-66%) and late stance (67-99%).  A detailed description of the technique 
for computing coupling angles and categorizing anti-phase, in-phase, rearfoot-phase and 
forefoot phase coordination patterns can be found in Appendix F (Chang et al. 2008).   
For each subject, and then respective group, means and standard deviations for 
coupling angles were derived with statistical approaches for circular data (Batschelet, 
1981).  The Watson-Williams test for circular data was used (α = 0.05) to determine 
difference between the group mean coupling angles (Batschelet, 1981).  
The mean frequency of rearfoot-forefoot anti-phase movements and coordination 
variability was averaged across the three stance periods of interest. A group (2) by period 
(3) analysis of variance technique (α=0.05) was used to determine significant main and 
interaction effects.  Significant differences were examined post-hoc with Tukey’s test. 
Results 
Rearfoot Motion 
Group differences in discrete rearfoot motion variables were noted in the expected 
direction (Table 13).  Plantar fasciitis individuals had a greater total rearfoot motion than 
CON (p=0.05, ES=0.51) and had a greater maximum eversion velocity (p=0.08, 
ES=0.44).  In overall movement patterns, healthy and PF individuals were similar (Figure 
20).  The rearfoot touched down in an inverted position, then everted into mid-stance.  
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Upon reaching maximum eversion at approximately 60% of stance, the rearfoot inverted 
towards push-off.   
Table 13.  Rearfoot motion results in the frontal plane for control (CON) and 
plantar fasciitis (PF) individuals.  The p-values are presented for a t-test. 
             
Variable   CON  PF  p-value Effect Size  
Inv TD (°)     2.7   (1.9)   3.6   (2.5) 0.10  0.39 
EV Max (°)     3.5   (1.4)   3.8   (1.8) 0.29  0.17 
Total (°)     6.2   (1.4)   7.4   (2.9) 0.05  0.51 
EV Max Vel (°s-1)  43.3 (20.0) 56.7 (38.0) 0.08  0.44 
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Figure 20.  Rearfoot motion in the frontal plane.  Plantar fasciitis (PF): solid line 
with dark standard deviation bands (sd); Control (CON): dotted with light 
standard deviation bands. 
 
 
Forefoot Motion 
Total sagittal and frontal plane motion results were in the expected direction 
(Table 14).  PF subjects demonstrated greater total plantar-dorsiflexion motion p = 0.05, 
ES = 0.50) and tended towards greater total inversion-eversion forefoot motion (p = 0.14, 
ES = 0.33).  At touchdown, the forefoot of plantar fasciitis subjects was more plantar 
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flexed than CON (p = 0.04, ES = 0.55).  No group mean differences were found in 
maximum forefoot dorsiflexion and maximum eversion.   
While the largest total ranges of motion were seen in sagittal plane (9.4° and 
10.3° in CON and PF, respectively), the smallest were seen in the transverse plane (5.0° 
and 4.3°, respectively).  No group differences were found in maximum abduction angle 
(p = 0.17, ES = 0.29).  The PF group tended towards less total abduction motion, 
however, the effect sizes were small and not statistically significant (p = 0.22, ES= 0.23).   
A visual inspection of forefoot motion time-series did not yield any remarkable 
differences in the movement patterns of PF and CON individuals (Figure 21).  From 
touchdown to mid- and late stance, motion was greater in the sagittal plane in comparison 
to the frontal and transverse planes.  The forefoot was pronated; namely, it was 
dorsiflexed, everted and abducted.  Into late stance, reversals in posture were seen in the 
sagittal and transverse plane evidenced by forefoot plantarflexion and adduction, 
meanwhile the forefoot continued to evert.     
The reader is referred to Appendix F for results using a generalized forefoot 
model which made use of tracking markers on metatarsals I, II and V.  
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Table 14.  Mean (sd) values for kinematic variables of the forefoot relative to the 
rearfoot and comparison across control (CON) and plantar fasciitis (PF) 
groups. (PFx: plantarflexion, TD: touchdown, Max: maximum, Total: total 
motion, vel: velocity). 
             
           Effect 
Variable      CON     PF   p-value Size  
Sagittal  
 PFx TD (°)    2.7   (1.7)   3.7    (2.0)  0.04  0.55 
Dorsi Max (°)    6.7   (1.4)   6.6    (2.6)  0.46  0.03 
 Total (°)    9.4   (1.9)  10.3   (1.9)  0.05  0.50 
 Dorsi Max vel (°s-1) 75.7 (30.1)  75.1 (27.0)  0.48  0.01 
Frontal   
In TD (°)    1.6  (2.5)   0.9   (2.2)  0.19  0.26 
EV Max (°)    8.8  (3.4)   9.1   (3.2)  0.38  0.09 
 Total (°)    7.3  (3.0)   8.2   (2.4)  0.14  0.33 
 EV Max vel (°s-1)       41.0 (27.4) 43.6 (24.3)  0.37  0.10 
Transverse 
 Add TD (°)    1.4   (2.1)   0.9   (1.7)  0.18  0.19  
Abd Max (°)    3.4   (2.0)   2.9   (1.5)  0.17  0.29 
 Total (°)    5.0   (3.8)   4.3   (2.5)  0.22  0.23 
Abd Max vel (°s-1)      35.3 (15.2) 35.3 (17.4)             0.50  0.00 
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Figure 21.  Forefoot kinematic time series during stance period in plantar fasciitis 
(PF) and healthy control subjects (CON).  Data are means the a) sagittal, b) 
frontal and c) transverse planes.  Bands indicate standard deviations (CON: 
light/grey and PF: dark/orange). 
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Rearfoot-Forefoot Coupling and Variability  
Coordination data of the rearfoot and forefoot segments based on vector coding 
analysis are presented in Figure 22 and Figure 23.  No group differences were found in 
the coupling angles of PF and CON (Table 15).  The angle-angle profiles for CON and 
PF were similar in the sagittal plane (Figure 22 a), however on average, PF movement 
patterns were anti-phase (coupling angle = 135°) at ~20% stance (Figure 22 d).  From 30 
to 60%, both groups frequently demonstrated a rearfoot plantar flexion movement 
(coupling angle = 180°) then transitioned to an in-phase pattern in late stance for 
propulsion (Figure 23 a, d).   
At touchdown, the rearfoot and forefoot segments of plantar fasciitis subjects 
were more inverted and adducted than their healthy counter parts (Figure 22 b and c).  
Coupling angles were least similar from 20 to 30% stance in the sagittal, frontal and 
transverse planes (Figure 22 d, e and f).  In the frontal plane, movements were in-phase 
then forefoot dominated at early stance, later with frequent in-phase and rearfoot 
dominated.  In the transverse plane, there were notable in-phase movements in early 
stance, followed by in-phase/forefoot abduction movements into mid-stance.  
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Figure 22.  The angle-angle diagrams and respective coupling angle–time graphs for 
the rearfoot (RF) -forefoot (FF) couple in the sagittal (a,d), frontal (b,e) and 
transverse planes (c,f).  Insets provide a guide to the coordination mode 
associated with the orientation of the coupling angles.  The + indicates 
touchdown of the stance phase. 
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Figure 23.  Coordination histograms for healthy and plantar fasciitis individuals 
which summarize the frequency of four coordination patterns: anti-phase, 
in-phase, rearfoot phase and forefoot phase.  
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Table 15.  Rearfoot-forefoot coupling angles.  p-values reported for a Watson-
William test (*: data did not meet Watson-Williams’ test criteria of circular 
distribution). 
             
    Means (sd) 
Plane Stance  CON  PF    p-values   
Sagittal 
Early (°) 193.4 (15.8) 189.4  (13.1)   0.38 
Mid   (°) 192.9   (9.8) 199.1  (12.8)   0.09 
Late   (°) 229.6   (1.7) 230.3  (2.1)   0.22 
Frontal 
Early (°) 235.6 (48.8) 236.2 (38.1)   0.98 
Mid   (°) 294.5 (50.4) 290.3 (53.5)   * 
Late  (°)   18.2 (25.6)   21.6 (22.2)   0.65 
Sagittal 
Early (°)  36.4 (37.1)   40.4  (46.4)   0.78 
Mid   (°) 246.7 (26.9)  245.5  (36.5)   0.91 
Late  (°) 108.1 (19.6) 118.4  (20.2)   0.11 
             
 
There were no significant group by stance period interaction effects in the 
frequency of anti-phase movements (p > 0.05, Figure 24).  Unexpectedly, CON 
demonstrated more anti-phase movements than PF in the frontal plane (p = 0.003).  No 
group differences were found in the sagittal or transverse planes (Figure 24).  As an 
indication of the changes in distribution of anti-phase motion across the stance, 
differences were found between the three stance periods in all planes (p < 0.05, Figure 
24).  In the sagittal plane, there were more anti-phase movements in early stance than 
mid- and late-stance (p < 0.05).  In the frontal plane, there were more anti-phase 
movements in mid-stance(p < 0.05).  Lastly, in the transverse plane there were more anti-
phase movements in late-stance in comparison to mid-stance (p < 0.05).    
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Figure 24.  Frequency of anti-phase movements in the sagittal (a), frontal (b), and 
transverse (c) between healthy control (CON) and plantar fasciitis (PF) 
individuals.  No group by stance period interaction effects were found ( p > 
0.05) P-values are reported for the main group effects for a repeated 
measures ANOVA. Asterisks indicate significant main effect (p <0.05) for 
period, *: different from early stance, **: different from midstance. 
 
The significant interaction of the transverse plane indicated that healthy and 
plantar fasciitis subjects were different in their variability across that stance periods (p < 
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0.0001, Table 16).  Three peaks in transverse plane coordination variability were noted in 
healthy subjects with the second peak being the largest in magnitude; first at 0% stance, 
second at ~30% stance, and third at ~70% stance (Figure 25 c).  The third peak was 
diminished in the plantar fasciitis group.  Post-hoc analyses revealed that the magnitude 
of variability in PF and CON was similar for early and late stance (p = 0.89 and 0.99, 
respectively), but in midstance, CON demonstrated greater variability than PF (p 
<0.0001).  Furthermore, CON increased in variability from early (29.4°) to midstance 
(41.6°, p <0.0001), while PF had a slight reduction in variability from early (26.3°) to 
midstance (23.5°, p=0.86).  The group effect was significant indicating that healthy 
subjects demonstrated greater variability than plantar fasciitis subjects in the transverse 
plane (p < 0.0001, Table 16).   
There were no significant interaction or group effects in the frontal and sagittal 
plane.  In the sagittal plane, variability peaked in both healthy and plantar fasciitis 
individuals at around 30% stance (Figure 25 a).  In late stance, variability was very low.  
In the frontal plane, variability remained relatively high between 30 to 70% stance 
(Figure 25 b).  Changes in variability magnitude from one stance period to the next were 
significant for both the frontal and sagittal planes (p < 0.001, Table 16).   
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Figure 25.  Mean rearfoot-forefoot coupling variability in the sagittal (a), frontal (b), 
transverse (c) planes. Solid line PF, dotted CON.   
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Table 16.  Mean (sd) coordination variability for sagittal, frontal and transverse 
planes.  Three stance periods were considered: early (1-33%), mid (34-66) 
and late (67- 99%).  p-values are provided for a group by stance and 
interaction (G*S) ANOVA. 
             
   Means     p-values 
Plane   Stance  CON  PF  Group  Stance  G*S  
Sagittal 
Early (°) 13.4  (6.0) 13.0  (7.3) 0.83  <.0001  0.84 
Mid  (°) 10.1  (4.2) 10.8  (4.8)    
Late (°)   1.1  (0.3)  1.3  (0.5)    
Frontal 
Early (°) 29.4   (9.7) 26.3   (7.2) 0.33  <.0001  0.83  
Mid  (°) 41.6 (13.1) 39.7 (10.6)    
Late (°) 15.3   (7.7) 14.6   (6.5)  
Transverse 
Early (°) 29.4   (9.7) 26.3  (7.2) <0.001  <.0001  <.0001  
Mid  (°) 41.6 (13.1) 23.5 (10.3)    
Late (°) 15.3   (7.7) 14.1  (4.7)  
             
 
 
FMPJ Motion, FMPJ-MLA Coupling and Variability 
 During the late stance period, there were group differences in FMPJ kinematics 
(Table 17).  Plantar fasciitis individuals exhibited significantly greater maximum FMPJ 
dorsiflexion (p = 0.04, ES= 0.56).  Touchdown was associated with approximately 18° of 
FMPJ dorsiflexion, which then approached the neutral position into mid-stance period 
(Figure 26).  After a peak in dorsiflexion towards 95% of stance, there was slight plantar 
flexion. 
Differences were found in FMPJ-MLA coupling variability (Figure 28, Table 17).  
No differences were found in FMPJ-MLA coupling angles and frequency of anti-phase 
motions (Figure 27).  Plantar fasciitis individuals exhibited greater magnitude of FMPJ-
MLA coupling variability than CON in late stance.   
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Figure 26. Mean first metatarsal-phalangeal joint angle in the sagittal plane during 
stance.  
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Figure 27.  First metatarsal-phalangeal joint (FMPJ) – medial longitudinal arch 
(MLA) angle-angle diagram normalized to total range of motion (left).  
Corresponding coupling angles are provided on the right. 
 
Table 17.  Group mean (sd) hallux and medial longitudinal arch-hallux coupling 
data for late stance (Dorsi: dorsiflexion).  P-values reported for a t-test. 
             
    Mean (sd)   
Variable  CON  PF    p-values   
Hallux Dorsi Max   49.0  (7.3)   53.3  (8.0)   0.04 
Coupling Angle (°) 119.5  (9.2) 118.5  (8.9)   0.74 
Variability (°)     5.5   (1.9)   13.6  (6.3)        <0.0001 
Anti-Phase     13.3  (3.2)   12.9  (3.3)   0.57    
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Figure 28.  Mean first metatarso-phalangeal – medial longitudinal arch coupling 
variability observed in the sagittal plane. 
 
Ground Reaction Forces 
In the vertical direction, PF demonstrated lower peak forces during loading (p = 
0.12, ES = 0.35) and propulsion (p = 0.05, ES = 0.64) than CON (Table 18).  Otherwise, 
healthy and plantar fasciitis individuals were in general similar in their ground reaction 
force (GRF) patterns (Figure 29 a-c).  In the medio-lateral direction, there was initially a 
short lateral peak associated with heel strike and loading, followed by a long medially 
directed GRF for the remainder of stance.  GRFs in the antero-posterior direction were 
trough and valley shaped indicating braking and propulsion forces in stance.   
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Figure 29.  Group mean ground reaction force profiles reported in percentage body 
weight (%BW) in the medio-lateral (a), antero-posterior (b), and vertical (c) 
directions for healthy controls (CON) and individuals with plantar fasciitis 
(PF). 
 
Table 18.  Mean (sd) peak vertical ground reaction forces normalized to body 
weight (%BW) associated with loading (GRF1) and push-off (GRF2) of 
walking gait.  p-values and effects sizes provided for t-tests between groups.  
             
    Means    p-values Effect 
Var   CON  PF   Group  Size   
GRF1 (%BW)  1.080 (0.07) 1.056 (0.063)  0.12  0.35   
GRF2 (%BW)  1.100 (0.06) 1.059 (0.077)  0.05  0.62   
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Discussion 
Clinicians have believed that plantar fasciitis is an overuse injury of the plantar 
fascia, and biomechanical factors are thought to play a significant role in its development.  
However, difficulties in characterizing the various biomechanics that are associated with 
plantar fasciitis feet have resulted in a lack of in vivo data to support this clinical opinion.  
The purpose of this study was to determine whether plantar fasciitis feet are different than 
healthy feet with regard to in their kinematics, coordination, and ground reaction forces.   
Rearfoot Motion 
One purpose of this study was to determine whether plantar fasciitis feet exhibit 
pronounced rearfoot motion in gait.  Compared to healthy subjects, we hypothesized that 
plantar fasciitis individuals would exhibit pronounced: maximum eversion, total 
inversion-eversion and maximum eversion velocity.  Retro-reflective markers were fixed 
to the leg and rearfoot (i.e. calcaneus) and their motions in three dimensions were tracked 
using an optoelectric system.  Rearfoot motion was computed as rearfoot segment with 
respect to the leg segment. 
The results in part supported the overall hypothesis that plantar fasciitis feet 
exhibit pronounced rearfoot motion.  Rearfoot motion was significantly greater in PF 
individuals with a medium effect size.  Although the mean difference in total inversion-
eversion motion was only 1.2°, such a magnitude represents 16.6% to 19.3% of the total 
motion exhibited by the control and plantar fasciitis group, respectively.  Maximum 
eversion velocity and maximum eversion were also greater in PF as expected, but the 
data did not meet the a priori level of significance.  Subsequently, these respective 
hypotheses were rejected.  Nevertheless, maximum eversion velocity was 23.6 to 30.9% 
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greater in PF and was associated with a notable effect size; therefore, we have rejected its 
specific hypothesis with some reservation.   
Rearfoot motion measurements, a proxy to subtalar joint motion, can provide 
some insight into the aetiology and predisposition of plantar fasciitis.  It has long been 
shown that flattening of the medial longitudinal arch is a product of subtalar joint and 
mid-tarsal joint motion (Manter, 1941).  Subtalar joint motion is related to the mechanics 
of the medial longitudinal arch, strain and strain rate of the plantar fascia during walking 
gait.  Rearfoot motion, while not a direct measure of midfoot or plantar fascia mechanics, 
is intimately related to the overall motions of the foot.  Computer simulations have shown 
that five degrees of subtalar joint pronation leads to forefoot eversion and a pes planus 
(flat) foot type (Arangio et al., 2000).  With this simulation, loading shifts from the lateral 
column to the medial column, which leads to a 22% increase in loading of the medial 
longitudinal arch.  Ultimately, direct measurement would be ideal in order to record the 
loading at the plantar fascia, but this is not possible in vivo without causing significant 
pain and injury to participants.  Alternatively, the current study demonstrates that some 
differences may be observed in the rearfoot. 
Despite an abundance of clinical papers which have identified a relationship 
between subtalar joint overpronation and plantar fasciitis, to our knowledge, the 
experimental support for this relationship has been less than definitive.  Warren and Jones 
(1987) concluded that a discriminant functional analysis of a collection of anatomical and 
biomechanical variables, which included dynamic measures of rearfoot eversion, was 
also not useful for identifying healthy from plantar fasciitis feet.  Similarly, Messier and 
Pittala (1988) also concluded that several rearfoot motion variables did not have 
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significant predictive value in discriminating plantar fasciitis from healthy individuals.  
However, supplementary t-tests and effect size calculations of their data performed by the 
present authors suggested that there was significantly greater maximum eversion, total 
inversion-eversion and maximum eversion velocity in PF individuals (p < 0.001, ES > 
1.4).  Therefore, these supplementary calculations revealed that our results are in fact in 
agreement with Messier and Pittala (1988).  The data from the present data provide 
further evidence that plantar fasciitis individuals are different in their rearfoot motion 
patterns, a finding which has not been confirmed in the past.   
Because the current study was the first to apply a three dimensional 
biomechanical analysis of rearfoot motion in the study of plantar fasciitis, commonalities 
with previous 3D studies and differences with 2D analyses were expected and observed.  
The rearfoot motion patterns and total inversion-eversion magnitudes are in accord with 
other studies that have collected rearfoot motion in walking gait using skin markers 
(Moseley et al., 1996; Liu et al., 1997; Rattanaprasert et al., 1999; Hunt et al., 2001)  and 
bone-pinned markers (Nester et al., 2007).  As expected, Messier and Pittala (1988) 
report less total rearfoot inversion-eversion motion magnitudes from 2D analyses (i.e. 
group means: 6.8° versus the present value of 21.6°) which is likely due to the 
susceptibility of 2D to kinematic overestimation (Areblad et al., 1990).  One other 
difference from Messier and Pittala (1988) that may have also contributed to the smaller 
magnitudes in the present study may be the differences in studying walking gait versus 
running gait.   
The results of the present study provide some support for the clinical association 
between foot “over-pronation” and plantar fasciitis (Subotnick, 1981; Taunton et al., 
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1982; Shama et al., 1983; Donatelli, 1987; Kwong et al., 1988; Warren, 1990; Prichasuk 
and Subhadrabandhu, 1994).  Because significant differences were detected, these results 
also indicate that it is both useful and worthwhile for clinicians and researchers to 
examine rearfoot motion experimentally and in the clinic.   
To date, rearfoot motion measures are the most commonly used method for 
clinical gait analysis, and thus have also been used in studies of plantar fasciitis.  While 
valid, there are still several drawbacks to using this method for studying plantar fasciitis.  
Because the plantar fascia spans the rearfoot and forefoot, rearfoot measures may only 
indirectly measure the impact of the plantar fascia (Manter, 1941; Elftman, 1960; Bojsen-
Moller, 1979; Arangio et al., 1998; Arangio et al., 2000).  Recently, several advances in 
the field have made it possible to measure the foot in segments.   
Forefoot Motion 
This study also characterized medial forefoot motion in individuals with plantar 
fasciitis and in healthy individuals to gain insight into the mechanics of the plantar fascia 
and aetiology of plantar fasciitis.  The overall hypothesis was that the plantar fasciitis 
foot would exhibit pronounced forefoot kinematics that are consistent with 
overpronation.  A series of more specific kinematic hypotheses were made for 
pronounced maximum, total motion, and peak velocities within each anatomical plane.   
The kinematic data for healthy individuals was examined for evidence of the 
purported high gear movement patterns of the foot.  Based on his observations, Bojsen-
Moller (1979) described the high gear push-off as a coordinated forefoot pronation and 
windlass effect occurring in late stance.  He suggested that these particular movements 
produced a rigid foot for efficient push-off.  Due to this prior work, a high gear type 
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push-off was expected of the control group given their healthy feet and the relatively high 
walking speed.  Specifically, we expected forefoot pronation, that is, dorsiflexion, 
eversion and abduction in late stance.  Contrary to this expectation, there was no evidence 
of high or low gear push-off kinematics.  Subjects instead exhibited forefoot 
plantarflexion, eversion and adduction in late stance.  Closer consideration of Bojsen-
Moller’s (1979) paper reveals some contradictions.  The central idea of his argument was 
that plantar loading under the metatarsophalangeal joints I and II indicated the high gear 
push-off, and loading under the metatarsophalangeal joints III, IV and V indicated a low 
gear push-off.  However, a forefoot in high gear cannot exhibit the three aspects of 
pronation, specifically dorsiflexion, if it is plantarflexing via the windlass mechanism.  
The combined plantarflexion, eversion, and adduction seen in this study is a reasonable 
movement pattern to produce loading of metatarsophalangeal joints I and II.  These data 
suggest that the concept of effective propulsion necessitates forefoot pronation needs 
revision and that propulsion may be achieved in the absence of forefoot pronation.  These 
data build upon what has been described qualitatively and provide some clarity to the 
coordination of the medial forefoot at late stance.   
In the characterization of forefoot kinematics in plantar fasciitis feet, movements 
in the sagittal plane appeared to be most relevant.  The ranges of motions in both plantar 
fasciitis and healthy feet were the largest in the sagittal plane, a finding which was also 
noted by Hunt et al. (2001).  Yet, the forefoot of plantar fasciitis individuals rotated 
through a greater range of motion than healthy individuals.  These findings are consistent 
with the functional anatomy of the plantar fascia (Hicks, 1954) and the plantar fasciitis 
injury mechanism.  Given that the plantar fascia is oriented longitudinally, forefoot 
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dorsiflexion directly produces tension, while frontal and transverse plane motion yield 
torsional and bending stress.  Other studies have recognized the importance of sagittal 
plane motion as a measurement of loading.  For example, it has been shown that there is 
appreciable rearfoot to forefoot elongation when the foot is loaded, and elongation 
increases 13 to 40% when the plantar fascia was removed (Arangio et al., 1998).  The 
negative correlation of arch height and arch length has been shown (Kayano, 1986).  
These data alongside previous anatomical observations and quantitative studies 
underscores the importance sagittal plane movements of the foot in response to loading.  
While the majority of the work suggests that deformation of the soft tissues is 
detrimental, at least when in excess, other research has recognized the benefits of this 
response.  Deformation of the foot and arch has been shown to be an energy saving 
mechanism (Ker et al., 1987).  Given larger deformation of the arch in PF, there may be 
greater energy storage and return in this population.  As such, these forefoot mechanics 
may indicate energy conservation.  More research is needed to offer a conclusion to this 
matter. 
Ultimately, the underlying mechanism for why PF individuals exhibited a greater 
degree of medial longitudinal arch flattening is not clear.  It has been said that 
overpronation and planus feet arise from a host of reasons, including congenital 
deformity, reduced osseous restraint, muscle action, load and body weight, and soft tissue 
integrity (Franco, 1987; Ker et al., 1987; Huang et al., 1993; Messier et al., 1994; Kitaoka 
et al., 1994).  The majority of studies have focused on the latter, but none of these studies 
have specifically addressed differences between healthy and plantar fasciitis feet.  When 
the plantar fascia and other passive structures were resected in vivo, in cadavers and in 
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simulation models, the foot became less stiff and the medial longitudinal arch flattened 
(Huang et al., 1993; Ward et al., 2003; Thordarson et al., 1995; Thordarson et al., 1997; 
Daly et al., 1992; Arangio et al., 1998).  Interestingly, the plantar fascia is the most 
important structure to the integrity of the arch, and when the vertical load is increased, 
the arch height decreases (Huang et al., 1993).  In the present study, individuals were 
excluded if they reported a traumatic injury associated with their foot, (e.g. motor vehicle 
accident, third degree ankle sprain).  Presumably, the soft tissues in all subjects were 
intact.  Therefore, it is unlikely that the larger magnitude of forefoot dorsiflexion as seen 
in PF was due ruptured soft tissues.  Other aforementioned characteristics which lead to 
reduced foot stiffness cannot be excluded, such as greater soft tissue laxity, reduced 
contribution by muscle, and reduced osseous restraint.    
 In contrast to our findings, Wearing et al. (2004) reported that plantar fasciitis 
individuals did not differ from healthy subjects in their total sagittal plane motion.  Their 
reports of total sagittal plane motion were larger (11.4 – 13.3°) in comparison to this 
study (7.7 – 8.5°).  However, this disparity should be viewed in light of several key 
differences between studies.  First, Wearing et al. (2004) used two dimensional 
fluoroscopy sampling in the sagittal plane which enabled bone motion to be tracked.  
Also, Wearing et al. (2004) constrained measurements to the first 80% of stance phase.  
Most studies, including the present study, indicate that maximum forefoot to rearfoot 
deflection occurs at around 80% stance (Kayano 1986; Hunt et al. 2001; Chang et al, 
2008); therefore, Wearing et al. (2004) may not have measured the true maximum.  Also, 
in the Wearing et al. (2004) study, the sampling rate was relatively slow (15 Hz) and no 
kinematic time series were reported.  Lastly, they studied a smaller sample size, 10 PF 
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and 10 healthy individuals.  Unfortunately, a paucity of research in arch dynamics in 
plantar fasciitis individuals leaves no other results to compare.     
  Although it was not the original intent of this research, the results of this study 
provide some insight into the debate regarding the effects of foot morphology on intrinsic 
foot kinematics.  There are claims in the clinical literature that static foot postures inform 
clinicians regarding dynamic function and behavior (Subotnick, 1980; Subotnick, 1981; 
Franco, 1987).  Yet, in the current study, group differences were detected in spite of their 
similar arch ratio and foot posture index.  Our findings are in agreement with the 
quantitative biomechanical studies which have challenged this clinical assertion.  Hamill 
et al. (1989) demonstrated that various clinical static foot measures have limited value in 
predicting lower extremity biomechanics.  Hunt et al. (2000) found that static measures 
of the arch angle were not correlated to total rearfoot motion.  Later, Hunt and Smith 
(2004) demonstrated that forefoot motion of pes planus feet and normal arched feet were 
similar in their kinematics.  These findings have also held up in studies specific to plantar 
fasciitis; for instance, Rome et al. (2001) report that quasi-static measures, such as 
vertical navicular height change from sit-to-stand, have failed to differentiate healthy and 
plantar fasciitis.  A minority of research has shown that feet that are diametrically 
opposed (arch ratios greater than and less than 1.5 sd) exhibit different rearfoot 
kinematics (Williams et al., 2001).  The present study provides further support that foot 
function is not solely dictated by foot shape.  Furthermore, this study indicates that 
clinicians should not limit their assessments to static postures of the foot, but should also 
examine the foot in gait. 
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Frontal and transverse plane forefoot kinematics during the loading phase of gait 
were surprisingly small in comparison to the sagittal plane.  There was relatively little 
movement from 0 to 80% stance from the forefoot’s slightly everted and abducted 
position.  Total motions in the transverse plane amounted to about half of the sagittal 
plane’s total motion.  Eversion and adduction movements were more rapid in late stance.  
Discrete kinematic variables did not reach a statistical significance nor exceeded a 
medium effect size to support the pronounced forefoot motion hypothesis.  The total 
motion results in the frontal plane were indeed larger in the PF group, but the effect sizes 
indicated only marginal support.  The transverse plane PF group produced a small effect 
in the opposite direction.  No differences were seen in the maximum velocity variables.  
The results suggest that movements in these planes do not contribute as much as the 
sagittal plane to the loading response of the foot.  Given a lack of kinematic response to 
loading and small ranges of motion, it was concluded that frontal and transverse forefoot 
motion is not characteristically different in plantar fasciitis feet.   
Many of these findings have clinical applications as well.  For instance, we found 
that the forefoot dorsiflexion is characteristic of plantar fasciitis and we have assumed 
that it is a deleterious mechanism to the plantar fascia; therefore, clinicians may intervene 
accordingly and use this information to scientifically validate treatment modalities.  
Clinicians should focus on reducing motion at the medial longitudinal arch in the sagittal 
plane, since the frontal and transverse planes appear less instrumental to plantar fasciitis.  
Techniques such as orthoses, insoles, taping the foot, strengthening the intrinsic and 
extrinsic foot muscles may successfully target this area and provide relief to PF sufferers.  
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However, more research is needed to determine whether these modalities indeed reduce 
motion in the sagittal plane.  
In summary, these findings provide some clarity to the issue of forefoot 
kinematics during walking gait.  These data did not support the basic premise from which 
we based our hypotheses, that there is forefoot pronation into mid- and late stance.  While 
the foot was indeed in a pronated posture, only dorsiflexion movements were detected; 
there was essentially no movement in eversion and abduction.  The data suggest that the 
notion of forefoot pronation during propulsion needs revision.  In turn, our general  
hypotheses that PF feet exhibit excessive forefoot pronation were also not fully 
supported.  However, there was strong evidence that plantar fasciitis feet exhibit a greater 
range of motion in stance in the sagittal plane, therefore, a greater magnitude of arch 
flattening. Such a movement would subject the plantar fascia to tensile stresses which 
might lead to plantar fasciitis when excessive.  Noteworthy, kinematic differences were 
found despite the similarities in foot posture and arch index.  These data underscore the 
greater value of dynamic measurements over static measurements in the characterization 
of plantar fasciitis feet.  These data support the clinical belief that plantar fasciitis feet 
exhibit greater medial longitudinal arch flattening in walking.  
Rearfoot-Forefoot Coupling and Variability 
The purpose of this component of the study was threefold.  The first purpose was 
to gain some insight to segmental coordination of the foot.  The second purpose was to 
determine whether plantar fasciitis feet exhibit more frequent anti-phase movements than 
healthy feet.  The third purpose was to determine whether there are differences in 
coordinative variability between healthy and plantar fasciitis feet.  We hypothesized that 
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the coupling angles would differ between healthy and plantar fasciitis feet.  Also, we 
hypothesized that plantar fasciitis feet would exhibit more frequent anti-phase 
movements than healthy feet.  Lastly, we hypothesized that plantar fasciitis feet would 
exhibit reduced levels of coordinative variability.   
When the present data were compared to those of our previous study of healthy 
subjects (Chang et al. 2008), there was a high level of agreement in the sagittal plane and 
less agreement in the frontal and transverse planes.  In the present study, the frontal 
angle-angle plot was parabolic in shape but the same plot in the previous study was 
rounded with an enclosed area.  The transverse plane in this study did not exhibit obvious 
horizontal, diagonal and vertical components that were observed in the past.  Differences 
were likely due to the methodology.  The considerable effects of the forefoot segment 
were noted earlier in this discussion (medial forefoot versus generalized forefoot model).  
Also, the sample size of Chang et al. (2008) was small (n=3) in comparison.  By using a 
more relevant medial forefoot model and a larger sample size, we believe that the present 
results produce a more valid estimation of healthy and plantar fasciitis coordination.  
Coupling and coordination histograms provided valuable insight to the 
movements patterns of the foot in gait, particularly when examined along side the 
traditional kinematic time series.  In-phase coupling was the majority movement pattern, 
and this was to be expected since the forefoot and rearfoot move as a unit through space 
together.  However, the more subtle coordination patterns were well represented also.  
For instance during early and mid-stance in the sagittal plane, frequent rearfoot phases 
indicated that rearfoot movements rather than forefoot movements, contributed more to 
elongation of the medial longitudinal arch.  In late stance, coordination was in-phase 
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which is appropriate for coordinating an effective push-off.  In regards to the frontal 
plane, both in-phase and forefoot phase movements were frequent in early stance.  In-
phase eversion movements were observed first, and then the forefoot continued to evert 
while the rearfoot reached a maximum.  However in late stance, rearfoot motion was the 
dominant movement pattern (secondary to in-phase movements).  Therefore, medial 
forefoot eversion as indicated by the kinematic data resulted from rearfoot inversion (not 
forefoot motion).  This is contrary to Bojsen-Moller’s (1979) thesis that suggests that it is 
the forefoot which leads this movement pattern.  These data are plausible given that the 
rearfoot is off the floor and inverting while forefoot cannot rotate relative to the floor and 
is therefore plantigrade.  Lastly in the transverse plane, a forefoot phase was apparent at 
late stance in the healthy individuals to effect an adducted forefoot at propulsion.  A key 
finding of the coupling results was that coordinative patterns between the rearfoot and 
forefoot are not as straight forward as implied in the literature.  Anti-phase movements 
were expected in late stance, however, the data did not support this expectation.  
Coordination patterns were constantly evolving through a rich array of movement 
patterns during the stance phase of gait.   
The hypothesis that the groups would differ in their coordination patterns was not 
supported by statistical examination of the coupling angle data.  The groups were similar 
in coupling angle time series, and no significant group differences were found in the 
coupling angles across the three stance periods.  Interestingly, PF and healthy individuals 
were least similar at 20-30% stance, a time period which coincided with the first peak in 
the vertical ground reaction forces.  These subtle coupling angle data differences were 
seen despite unremarkable differences in joint kinematics using standard techniques.  
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Given that there appeared to be differences at 20-30% stance, further research is 
warranted to determine whether the method in which the data were analyzed masked 
differences.   
 Despite a lack of differences in the overall coupling angles, there were group 
differences in the frequency of anti-phase movements.  These data did not support the 
hypothesis that plantar fasciitis individuals exhibit greater anti-phase movements, and in 
fact, the opposite was found – plantar fasciitis feet are associated with reduced anti-phase 
movements.  These findings, however, are consistent research on upper body 
coordination.  Reduced anti-phase movements and increased inter-segmental rigidity of 
the pelvic-thoracic segments has been reported in Parkinsonism (Van Emmerik et al., 
1999) as well as chronic low back pain (Selles et al., 2001; Lamoth et al., 2006).  It has 
been speculated that lesser anti-phase motion is indicative of guarding behavior against 
pain.  Lamoth et al. (2006) reported increased and more erratic lumbar muscle activity, 
which may impair inter-segmental coordination and increase rigidity.  Such pain guarding 
strategies and increased muscle activity might also play a role in reducing anti-phase 
motions in plantar fasciitis individuals.  It is proposed that anti-phase motion of the 
rearfoot and forefoot is functional and allows for fluid movements in gait.   
For the most part, coupling variability results were consistent with the 
characteristics of dynamical systems.  Peaks in variability did coincide with abrupt 
changes in the coordinative modes (plateaus in the coupling angles).  At approximately 
20 to 30% of stance, there were critical fluctuations (high levels of coupling variability) 
and erratic coupling angles in all planes.  This is consistent with the characteristics of a 
transitory period (Kelso, 1984; Kelso, 1995).  Another transitory period was seen at 40-
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70% stance in the frontal plane such that variability remained high as the coupling angles 
evolved.  As evidence of a return to stability following a transition, the coordination 
variability in the sagittal plane was negligible at 70 to 100% stance and coupling angles 
exhibited little change.  It is perhaps a relevant finding that peak variability at 20-30% of 
stance coincided with the peak in the vertical ground reaction force.  Some variability 
data were not that consistent with dynamical systems theory.  In the transverse plane, at 
80 to 100% stance coupling angles were evolving rapidly, but the respective variability 
was very low.  More research is needed to determine whether it is appropriate to use 
dynamical systems theory with a vector coding technique in rearfoot-forefoot 
coordination analysis.   
These data partially support the dynamical systems based hypothesis that reduced 
variability is associated with pathology.  In the sagittal and frontal planes, healthy and 
plantar fasciitis individuals exhibited similar levels of coordinative variability.  In the 
transverse plane, however, plantar fasciitis individuals exhibited reduced magnitudes of 
variability in comparison to their healthy counterparts.  A visual examination of the 
variability time-series indicates that the PF group was clearly lacking a third peak in 
variability at 70% of stance.  A lack of variability results in coordinative similarity from 
one cycle to the next and a loss of complexity.  It has been suggested that an injured state 
may be prolonged by repeatable stress (Hamill et al. 1999).  This time period may have 
functional implications for the foot in stance phase; it coincided with beginning of a 
distinctive forefoot adduction phase, and the second peak in the vertical ground reaction 
forces.  A loss of coordinative variability has also been seen in Parkinson’s disease (Van 
Emmerik et al., 1999), and patellofemoral pain (Hamill et al., 1999; Heiderscheit et al., 
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1999; Heiderscheit et al., 2000; Heiderscheit et al., 2002).  These data were consistent 
with previous human movement data which has associated pathology with a loss of 
complexity at transition periods.     
There are limitations in computing mean coupling angles over predetermined 
stance periods.  A given time period may straddle distinct coupling angle plateaus, or 
span rapidly evolving coordination patterns.  Therefore, mean coupling angle quantities 
may lose some of their contextual meaning.  Correspondingly, standard deviations may 
be inflated making it more difficult to detect statistical differences (linear or circular).  
Accommodations to the challenges in handling coupling angles are seen in other studies.  
Coupling angles have been constrained from 0° to 45° and 0° to 90° (Ferber et al., 2005; 
Dierks and Davis, 2007).  By doing so, coordinative information has been compressed or 
distorted if the coupling angles cross the boundaries and span the unit circle.  We chose 
to divide the total stance period into thirds to approximate the loading response of 
walking gait.  Group differences may have been detected with more functionally relevant 
time periods, however, it is a challenge to objectively define these time periods. 
Prominent coordination patterns are easily identified from the coordination 
histograms, but these data are not without limitations either.  One of their strengths lies in 
the use of all data points over a cycle, as opposed to a reduction of data to a mean or 
some other metric.  Like coupling angles, they also suffer from the limitations of 
predetermined time periods.  The nature of these data is unique; the data are dependent, 
non-normal and categorical in nature.  Also, each phase has a ceiling of 33 observations.  
If these data were normal, each movement pattern would have an expected value of 4.13.  
The authors are not aware of any statistical procedure which would be appropriate for 
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non-normal categorical data to compare two groups considering 4 coordination factors 
and 3 stance periods.  Currently, a comparison of means and t-tests between a given 
coupling pattern (i.e. anti-phase patterns) seem most appropriate.  As a relatively new and 
technique in limited use, there are methodological issues that would benefit from more 
experimentation.    
In summary, rearfoot-forefoot coupling angles indicated a rich array and 
evolution of coordination patterns which would not have been realized without the use of 
the expanded vector coding technique.  While in-phase movements were predominant, 
the more subtle coordination modes were also well represented.  It was found that 
forefoot to rearfoot eversion was a product of rearfoot segment inversion, rather than 
forefoot segment eversion.  No group differences were found with mean coupling angles.  
Contrary to our hypothesis, anti-phase data were more frequent in healthy subjects.  
Based on similar observations in research on upper body coordination, it is proposed that 
anti-phase movements are functional, and when reduced, indicate pain guarding 
strategies.  There was also some support for hypothesis that there would be reduced 
variability with pathology.  Plantar fasciitis individuals lacked a peak in variability at 
70% of stance in the transverse plane.  Reduced variability may prolong symptoms in 
these chronic plantar fasciitis feet.  As a first study to use vector coding in intrinsic foot 
mechanics research, more research is needed to refine the technique for the context of 
this research problem.   
FMPJ Motion, FMPJ - MLA Coupling and Variability 
The plantar fascia mediates motion between the first metatarso-phalangeal joint 
motion and the medial longitudinal arch angle through the windlass mechanism (Hicks, 
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1954).  The purpose of this study was to determine whether there are changes in FMPJ 
motion and the windlass mechanism in plantar fasciitis.  We hypothesized that PF would 
alter the coupling of the FMPJ and MLA in late stance.  We also hypothesized that the 
plantar fasciitis individuals would exhibit reduced coordinative variability consistent with 
dynamical systems theory.   
The measured FMPJ movement patterns and touchdown values agree with 
previous literature (Mann and Hagy, 1979).  Some differences, however, were noted in 
the present peak dorsiflexion values in comparison to the literature.  The group mean in 
this study of 51.2° was lower than the 70 to 90° range reported by Mann and Hagy 
(1979), but greater than others who have reported 39 – 42° (Nawoczenski et al., 1999; 
Nawoczenski and Ludewig, 2004; Halstead et al., 2005).  These discrepancies were likely 
due to different methodology and instrumentation.  With the exception of a high speed 
cinema technique by Mann and Hagy (1979), all above mentioned studies used a three 
dimensional electromagnetic system, which has been shown to be highly reliable 
(Umberger et al., 1999).  The cube shaped transmitters of electromagnetic systems are 
relatively large (length and width 96 mm), tethered and presumably heavier than the 
small wireless markers used in the present study (8 mm diameter hollow ball on plastic 
disc).  Also, the present approach was 2D in nature and the limitations of 2D have been 
discussed previously (Areblad et al., 1990).  Despite the limitations of 2D analyses, these 
data reside within the normative range of motion for the FMPJ (Shereff et al., 1986; 
Allen and Gross, 2003), and may represent a more natural and unobstructed movement 
pattern than some previous literature. 
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In general, the kinematic data of the FMPJ and medial longitudinal arch were in 
accord with the purported windlass mechanism (Hicks 1954), but it was clear that the 
FMPJ did not entirely dictate MLA kinematics.  There was dorsiflexion of the FMPJ 
from 60 to 90% of stance.  Such a movement is believed to wind and tighten the plantar 
fascia and result in an increasing medial arch height (forefoot plantar flexion).  However, 
forefoot plantar flexion was not initiated until approximately 80% of stance.  This delay 
may indicate the dominance of loading which flattens the medial longitudinal arch.  
Later, from 95-100% of stance, the medial longitudinal arch kinematics were not 
consistent with the windlass mechanism yet again.  The FMPJ plantar flexed (a release of 
the plantar fascia tension) yet the medial longitudinal arch continued to rise.  Therefore, 
other factors, such as intrinsic muscle activity (Mann and Inman, 1964) are likely to 
contribute to the plantarflexion of the medial longitudinal arch kinematics.  The results of 
this study indicate that some intrinsic foot kinematics can be ascribed to the windlass 
mechanism, but the windlass mechanism is most certainly not the only factor.   
Plantar fasciitis individuals exhibited greater peak dorsiflexion of the first 
metatarso-phalangeal joint, a movement pattern that might predispose an individual to 
plantar fasciitis, or prolong injury.  Cadaver models (Hicks, 1951; Carlson et al., 2000; 
Flanigan et al., 2007), and more recent finite element analyses (Cheng et al., 2008) have 
confirmed that tension in the plantar fascia rises directly with the magnitude of toe 
dorsiflexion.  Furthermore, it has been shown that there is a stress concentration in the 
plantar fascia under the first ray and medial calcaneal tubercle (Cheng et al., 2008), 
supporting the tenet that the FMPJ contributes relatively more than the lesser toes to the 
windlass mechanism (Hicks, 1951).  These locations of high stress also coincide with 
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sites of pain which plantar fasciitis patients typically report.  Elevated FMPJ dorsiflexion 
over multiple cycles, such as in walking gait, could put undue strain on the plantar fascia 
thereby predisposing or prolonging a state of plantar fasciitis.  While no direct strain 
measurements were made in this study, these data provide some insight to injury 
causation and also differentiate PF feet from healthy feet.   
The data did not support the hypothesis that plantar fasciitis would be associated 
with alterations in the coupling or frequency of anti-phase movements between the FMPJ 
and the medial longitudinal arch in late stance.  There were no group differences in the 
mean coupling angles and the coupling angle time series did not appear remarkably 
different from one group to the next.  These data are somewhat contrary to studies which 
have shown that this coupling is not invariant across feet.  By testing the windlass 
mechanism via passive FMPJ dorsiflexion in healthy feet, Kappel-Bargas et al. (1998) 
identified two distinct populations.  Some individual exhibited changes in the MLA angle 
upon 4.1° of passive dorsiflexion, while others exhibit changes at 20.4°.  They speculated 
that a differential response had implications to injury.  In a rupture to the plantar fascia, 
albeit a more extreme injury, the windlass response is absent (Theodorou et al., 2000), 
and therefore the coupling is disrupted.  It is possible that the limitations of mean 
coupling angles, which were discussed earlier, masked group differences.  It is also 
possible that plantar fasciitis is not a sufficient injury to perturb the windlass mechanism.  
While recognizing methodological limitations, the data indicate that the coordination of 
the FMPJ and MLA remained unchanged with plantar fasciitis.  
These data refuted the hypothesis that the plantar fasciitis feet would exhibit 
reduced coordinative variability of the FMPJ-MLA couple.  The results were in fact the 
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opposite as PF feet exhibited more than double the variability of their healthy 
counterparts.  This was an unusual finding given that pathology has been associated with 
reduced variability (Hamill et al., 1999; Van Emmerik and van Wegen, 2000).  It is 
possible, however, that such a high level of variability in comparison to the healthy foot 
was detrimental.  Previous applications of dynamical systems theory have not examined 
couplings that are analogous to the windlass mechanism.  As of yet, there is no measure 
of stability or efficacy of the windlass mechanism.  While these analyses identified 
differences in coordinative variability, more research is needed to interpret the meaning 
of these findings given the unique stabilizing effects of the windlass mechanism.   
Since it was found that PF subjects exhibit increased FMPJ dorsiflexion, these 
data provide some validation for certain practices which clinician’s use to reduce FMPJ 
dorsiflexion in the treatment of treat plantar fasciitis.  Clinicians have used semi-rigid 
orthoses designed with a first ray extension from the three-quarter line (Morton’s 
extension), forefoot rocker soles (Janisse and Janisse, 2008), and gait plates.  Intrinsic 
and extrinsic muscles may also be strengthened to increase the internal plantarflexion 
moment at the FMPJ by primarily targeting muscles which cross the FMPJ: flexor 
hallucis longus, flexor hallucis brevis, and flexor digitorum brevis.  These data encourage 
clinician’s to pursue such practices. 
Ground Reaction Forces (GRF) 
There is little agreement on how GRF profiles in PF may differ from healthy 
individuals.  Due to the inconsistent findings, the purpose of this study was to 
characterize GRF profiles in healthy and plantar fasciitis individuals with a particular 
focus on peak vertical GRF.  Subjects walked barefoot over a force plate at a fixed speed.  
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Overall, the GRF profiles reported in the present study are consistent with other reports 
for healthy adults (Chao et al., 1983; Hunt et al., 2001; Barrios et al., 2009).  It was found 
that plantar fasciitis feet have reduced vertical ground reaction forces during propulsion 
in comparison to healthy feet.  In contrast, peak vertical GRF at loading were not 
different between groups.  We propose that the reduced vertical GRF at propulsion 
reflects a compensatory response which reduces plantar fascia loading and, therefore, 
further injury and pain. 
The proposition that reduced GRF at late-stance (propulsion) is a compensatory 
strategy is supported by the kinematics of the rearfoot-forefoot and the tension profile of 
the plantar fascia.  The kinematic data indicated that the forefoot dorsiflexed (medial 
longitudinal arch flattening) from heel strike to about 80% of stance.  It may be inferred 
that the plantar fascia and other passive structures that span the plantar foot, lengthened 
during this period.  Studies that have instrumented dynamic cadaver models have 
reported that at ~80% stance, plantar fascia loads reach their peak at approximately one 
body weight (Erdemir et al., 2004).  Tension was negligible in early stance.  Similarly, 
computer simulation models of running gait also confirm low plantar fascia loads in early 
stance and that peak fascia load occurring at mid- and into late stance (Scott and Winter 
1990).  Presumably, a reduction in vertical GRF in turn reduces forefoot dorsiflexion, 
lengthening and peak tension of the plantar fascia, and pain.  Anecdotally, some patients 
report tenderness specifically during propulsion.  Simulation and/or direct measures of 
plantar fascia tension, which were not made in the present study, are needed to confirm 
this compensatory strategy.  Ground reaction force profiles do not replace direct tension 
measurements, but since the forefoot is the contact point of the body and the ground at 
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propulsion, GRF profiles may provide some valuable insight to the mechanics of the 
plantar fascia.  
Previous findings in regards to peak GRF in PF have been inconsistent, but the 
issue of walking speed has been overlooked.  It is well known that peak GRF increase 
with increased walking speed (Andriacchi et al., 1977).  Furthermore, past studies were 
conducted at self-selected speeds which were slower than the present study.  This 
experimental approach has compromised comparison of GRF results of one group to the 
other and may account for inconsistent findings.  For example, Katoh and colleagues 
(1983) reported that PF subjects were associated with reduced peak forces in the vertical 
GRF profile, both at loading and at propulsion.  However, PF subjects walked more 
slowly (mean = 1.19 ms-1) than controls (mean 1.38 ms-1) and therefore, GRF differences 
were confounded by walking speed.  Other studies, which were also conducted at a self-
selected pace, have refuted the findings of Katoh et al., (1983).  Two studies (Wearing et 
al., 2003; Liddle et al., 2000) reported no differences in the magnitudes of the vertical 
ground reaction forces in comparisons of symptomatic feet, asymptomatic contra-lateral 
feet, and healthy individuals.  Neither study addressed the possibility of walking speed as 
a confounding factor.  The estimated walking speeds by Wearing et al. (2003) were slow 
(0.8 to 1.0 ms-1) with respect to the present speed.  Slower self-selected walking speeds 
may not have taxed the active and passive structures of the foot sufficiently to elicit an 
observable compensatory GRF profile.  Future studies may also control stride length and 
stride rate (Martin and Marsh, 1992).  The current walking speed was more challenging 
and slightly greater than the overall preferred walking speed and therefore elicited 
differences in ground reaction forces. 
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Limitations 
This study has limitations, many of which have been addressed in their relevant 
discussion sections.  In addition to those already mentioned, this study’s case-control 
design and, therefore, retrospective nature is an overriding limitation.  In view of the 
case-control design, the present significant findings, and in particular the kinematic 
results which were found to be in the theoretical direction of injury causing, can only 
suggest causation.  It should be highlighted though, that the plantar fasciitis individuals 
which were included in this study were considered chronic cases of plantar fasciitis 
(symptomatic for more than three months).  Therefore, it is quite plausible that the 
kinematic differences perpetuated the state of injury.  Nevertheless, this study has 
characterized aspects of plantar fasciitis which may serve as a basis for future research.  
The use of skin markers for bone pose estimation has limitations, and numerous 
precautions were taken to minimize problems associated with this technique.  Skin 
markers were pursued over bone pinned markers since they are non-invasive and 
practical.  It has been shown that skin markers oscillate (Karlsson and Tranberg, 1999), 
their spatial information only approximate the underlying bone position (Reinschmidt et 
al., 1997), and there is variability in researchers’ ability to identify anatomical landmarks.  
Despite such problems, other researcher have found that markers fixed to the skin of the 
foot have high-levels of correlation with corresponding bony landmarks in their 
movement patterns in the vertical and antero-posterior directions (Wrbaskic and 
Dowling, 2007).  Furthermore, we took precautions to minimize the errors associated 
with skin markers.  First, the Leardini et al. (2007) marker set used in this study was 
designed to avoid tendon elevation artifacts.  Second, the markers used in this study were 
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a relatively small size in comparison to other protocols.  Thus, the markers were 
unobtrusive and light which in turn minimized erroneous oscillations.  Third, the 
variability due to inter-tester marker placement was circumvented by having an 
experienced certified pedorthist prepare all subject landmarks.  Everything considered, 
we believe that the errors associated with skin markers were reduced to the best of our 
abilities.  
While the biomechanics of plantar fasciitis feet were the focus of this study, the 
development of plantar fasciitis is multi-factorial.  Various intrinsic (e.g. pronation, low 
arch, high arch, muscle weakness, age) and extrinsic factors (e.g. footwear, activity level, 
activity type, surface properties) have been identified to predispose individuals to this 
injury (Wearing et al., 2006).  This study in no way diminishes the contribution of these 
factors to the development of plantar fasciitis and we recognize that they play important 
roles in the aetiology of this overuse injury.  
Overall Summary and Conclusion 
This study characterized healthy and plantar fasciitis feet in 3D via multi-segment 
foot modeling, vector coding, dynamical systems theory, and force platform 
measurements.  The findings of this study challenged a fundamental theory of healthy 
foot mechanics.  Instead of the typically described forefoot pronation of late stance, there 
was forefoot eversion, plantarflexion and adduction.  Furthermore, coordination data 
indicated that forefoot eversion was primarily due to rearfoot segmental inversion in late 
stance as the forefoot segment remained in a planti-grade position.   
There were kinematic differences between healthy and plantar fasciitis feet which 
to an extent, support the purported aetiology of plantar fasciitis.  In comparison to healthy 
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feet it was found that plantar fasciitis feet exhibited greater rearfoot eversion in mid-
stance.  Then towards late stance, plantar fasciitis feet flattened to a greater extent in the 
medial longitudinal arch (forefoot dorsiflexion) and exhibited more FMPJ dorsiflexion.  
Kinematic differences were seen in spite of similar static foot anthropometry, therefore, 
these results underscore the importance of dynamic, as opposed to simply static 
examinations of the pathological foot.   
Contrary to the hypothesis, there was more frequent anti-phase motion in the 
frontal plane of healthy subjects than plantar fasciitis.  Therefore, the ability to produce 
these counter-rotations may be an indication of a healthy state, which has been shown in 
upper extremity research.   
When plantar fasciitis and healthy feet were examined from a dynamical systems 
perspective, there was some support for the hypothesis that there would be reduced 
variability with pathology.  In comparison to their healthy counterparts, plantar fasciitis 
individuals exhibited reduced variability at late stance in the transverse plane.  It has been 
suggested that reduced variability may prolong symptoms of overuse injuries.  However, 
the data refuted the hypothesis that plantar fasciitis feet would exhibit reduced FMPJ-
MLA coordinative variability.  We speculate that these contrary findings are related to 
the unique stabilizing effects of the windlass mechanism.   
Differences in vertical ground reaction forces, namely a reduced propulsion peak, 
suggested that plantar fasciitis feet exhibited a compensatory pain response.  Kinematic 
with GRF data indicate that the plantar fascia was lengthening under a tensile load.  It 
would have likely been more painful at the plantar fascia had the plantar fasciitis subjects 
exhibited ground reaction forces comparable to healthy subjects.   
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CHAPTER V 
 
PART II – IS THERE MUSCLE ATROPHY OF THE PLANTAR INTRINSIC 
FOOT MUSCLES AND TIBIALIS POSTERIOR WITH CHRONIC PLANTAR 
FASCIITIS? 
Abstract 
It has been shown that plantar intrinsic foot muscles (PIFM), the tibialis posterior 
muscle, and the plantar fascia play a significant role in providing dynamic support to the 
medial longitudinal arch.  Muscle atrophy may occur in individuals with chronic plantar 
fasciitis, thereby compromising the supportive role offered by these muscles and thus 
perpetuating a state of injury.  The purpose of this study was to determine the distribution 
of the PIFM, and whether chronic plantar fasciitis is accompanied by atrophy of PIFM 
and tibialis posterior muscle.  Foot and leg magnetic resonance images were taken in 
seven subjects with unilateral plantar fasciitis so that the healthy foot could be compared 
to the plantar fasciitis foot within the same subject.  Muscle areas were digitally outlined 
for each series of images and cross sectional areas (CSA) were computed.  In comparison 
to healthy feet, plantar fasciitis feet were associated with a 5.2% reduction in PIFM CSA 
at the forefoot (p=0.03), but not at the rearfoot (p=0.26).  No mean differences were seen 
in the tibialis posterior muscle, but significant atrophy was observed in one subject when 
the leg ipsilateral to the plantar fasciitis foot was compared to the healthy leg.  Atrophy of 
the forefoot PIFM may destabilize the medial longitudinal arch and prolong the healing 
process.  Clinicians may intervene by testing for muscle strength deficits and 
strengthening the forefoot muscles, particularly at the first metatarso-phalangeal joint. 
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Introduction 
It has been postulated that muscle weakness may be a potential cause of plantar 
fasciitis (Chandler and Kibler, 1993; Wearing et al., 2006).  Alongside passive tissues 
and osseous constraints, studies have shown that the plantar intrinsic foot muscles 
(PIFM) (Mann and Inman, 1964; Fiolkowski et al., 2003; Headlee et al., 2008; Wong, 
2007) and the tibialis posterior muscle (Kitaoka et al., 1997) play an important role in 
providing dynamic support to the medial longitudinal arch.  A reduction in muscle 
strength may prolong the healing process by putting added stress onto the already 
compromised plantar fascia.  However, only two studies have examined how muscle 
properties are changed under the stress of chronic plantar fasciitis symptoms.  These 
studies indicate plantar fasciitis may be associated with a reduction in plantar flexor toe 
strength (Allen and Gross, 2003) and plantar flexor ankle strength (Kibler et al., 1991).  
While those findings are suggestive, it is not known whether there is muscle atrophy in 
plantar fasciitis, and in which segment of the foot atrophy might occur. 
Magnetic resonance imaging (MRI) has been utilized to estimate PIFM size 
experimentally in vivo, but only in diabetic and healthy feet.  MRI may be used to obtain 
detailed image sets across the entire foot (Bus et al., 2002; Greenman et al., 2005, Bus et 
al., 2009).  A major disadvantage of MRI, however, is the high cost of acquiring image 
sets and the lengthy time needed to process these images.  Previous methods have 
reduced the detailed data offered by MRI in that they have prescribed a subjective 
atrophy score (1 to 5) (Bus et al., 2009), have digitized only one representative image per 
subject (Bus et al., 2002), or, have used a stereological point counting method (Andersen 
et al., 2004) which approximates muscle size by user-defined grid areas rather than by 
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each voxel.  Such methods are limited by their subjectivity and error.  Further, the use of 
one representative image leaves the possibility of overlooking size differences that may 
exist outside that image.  Meanwhile, methods which take into account of data at a much 
higher resolution (i.e. each voxel), but are more time consuming to process, are available 
(Kent-Braun et al., 2000).  Such techniques may be applied across a series of images to 
determine specific areas of muscle atrophy in spite of processing time.  To this end, 
quantitative muscle cross-sectional areas have not been reported along the entirety of the 
foot and the effect of chronic plantar fasciitis on PIFM size is not known.  
Therefore, the first purpose of this study was to quantify and report the 
distribution of PIFM across the length of the foot.  The second purpose was to determine 
whether chronic plantar fasciitis is accompanied by atrophy of PIFM and the tibialis 
posterior muscle.  In comparison to contra-lateral healthy feet, it was hypothesized that 
plantar fasciitis feet would exhibit smaller muscle cross-sectional areas of the PIFM in 
the rearfoot, forefoot, and the tibialis posterior. 
Methods 
Subjects 
Individuals between the ages of 30 and 60 years of age with chronic unilateral 
plantar fasciitis were recruited for this study.  Subjects were screened for MRI safety 
(Appendix C) and gave informed consent to this study which was approved by the 
Institutional Review Board of the University of Massachusetts (Appendix A).  Since it is 
believed that high arched feet have a different plantar fasciitis injury mechanism than 
normal and low arched feet, individuals with a high arch foot type were excluded.  A high 
arched foot was defined as a standing arch ratio (Williams and McClay, 2000) greater 
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than 0.357, one standard deviation above the laboratory’s present mean value.  Additional 
exclusion criteria included: symptomatic for less than three months, history of a local 
steroid injection within the last 2 months, arthritis in the lower extremities, local 
traumatic injury, neurological disorders, myopathies, local cardiovascular disorder, local 
infections and tumors, pregnancy and a body mass index greater than 35 kg·m-2.  The 
subjects were asked to rate their foot function using a Revised Foot Function Index 
(Appendix E; Budiman-Mak et al., 2006).  The subjects of this study were a subset of the 
plantar fasciitis subject pool of Part I.   
In accordance with these criteria, eight plantar fasciitis individuals qualified and 
consented to participate (mean age: 44.9 years (8.4), height: 165.1 cm (8.0), body mass: 
75.6 kg (12.7).  There were seven females and one male (P21).  Subjects were 
symptomatic on average 3.0 years (range: 0.4-10.0 years, sd: 3.7) and were reduced in 
foot function.  Plantar fasciitis feet and healthy feet were not significantly different in 
their morphology as assessed by the weight bearing arch ratio and foot posture index 
(Redmond et al., 2006) (Table 19).  Subjects reported their level of functional impairment 
as follows (mean (sd): pain: 6.5 (3.9); stiffness: 3.6 (4.2), disability: 10.1 (9.8), activity 
limitation: 5.0 (4.4), and social issues: 2.6 (3.0). 
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Table 19.  Mean anthropometric measures of the healthy and plantar fasciitis feet, 
(standard deviation).  The p-values are provided for a paired t-test. 
            
Variable   Healthy  Plantar Fasciitis            p Value 
Arch Ratio  0.313 (0.025)  0.316 (0.023)   0.85 
Foot Posture Index     5.0     (3.1)      4.8   (3.9)   0.89 
                                                                                                                           
 
Protocol 
Axial bilateral foot and leg MRIs were taken at the Cooley Dickinson Amherst 
MRI Clinic with a 1.5 Tesla MR system (Espree, Siemens AG, Munich, Germany).  Foot 
images were acquired using a four channel head coil (Quadrature Head Coil, Siemens 
AG, Munich, Germany) positioned in the magnet’s isocenter.  Subjects were positioned 
supine on the patient table with the ankle oriented in 45° of plantarflexion inside the coil.  
To reduce movement artifact during image acquisition, the foot, ankle, and knee were 
stabilized with sandbags and cushions.  Care was taken to not deform the soft tissue from 
their natural non-weight bearing shape.  Frontal, sagittal and transverse localizer images 
were acquired to confirm foot positioning and subjects were repositioned when 
necessary.  T1 weighted images of the entire length of the foot were acquired 
perpendicular to the plantar aspect of the foot using a spin-echo sequence (relaxation time 
(TR)=500ms, echo time (TE)=16 ms, averages=3, slice thickness=4mm, gap between 
slices=0mm, field of view (FOV)= 120x 120 mm, flip angle = 90 degrees, matrix=512 x 
512).  The data acquisition time for each foot was approximately 25 minutes.   
To acquire leg images, patients were supine on the patient table with knees 
straight and feet taped together.  Sandbags were placed at the medial and lateral borders 
of the legs to minimize motion artifact.  Two six-element pre-amplified flexible coils 
(Body Matrix Coil, Siemens AG, Munich, Germany) were wrapped around the subject’s 
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lower body and four three-element pre-amplified coils in the patient table were activated 
(Spine Matrix Coils, Siemens AG, Munich, Germany).  Leg images were acquired from 
the knee joint to the malleoli.  Images were taken at a perpendicular direction with 
respect to the patient table (TR=500ms, TE=16 ms; FOV=210x210mm, matrix=512x 
512, averages=2, thickness=4mm, gap=0mm).  Due to the relatively long length of the 
legs, image acquisition required two passes; the distal leg was imaged first, then the 
proximal leg.  The data acquisition time for one leg was approximately 50 minutes.  
DICOM image files were saved onto transportable media for data reduction. 
Data Reduction 
A single researcher (RC) used interactive custom software programmed in Matlab 
(Mathworks Inc., Natick, USA) to quantify muscle CSA for each subject’s image set 
(Figure 30).  The researcher was blinded as to whether the image set was from a plantar 
fasciitis or healthy foot.  Plantar intrinsic foot muscle perimeters were digitally outlined 
and wherever possible excluded non-contractile tissues such as bone, tendon, fat, 
connective tissue, nerve and blood vessel.  While the extensor digiti brevis muscles on 
the dorsal foot could be excluded, the dorsal interossei muscles could not be excluded 
due to their small size.  To facilitate the identification of various anatomical structures, 
the user could zoom and view neighboring images.  For each image, lower and upper 
pixel intensity thresholds were assigned pertaining to muscle for each image.  To assist 
the threshold selection process, the MR image was optionally viewed in three colors as 
opposed to grey scale, in accordance to the selected thresholds (Figure 31).  The 
assignment of muscle pixel intensities improved the muscle CSA estimation by removing 
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high-intensity pixels relating to fat, and low-intensity pixels relating to bone and 
connective tissues contained within the outline (Kent-Braun et al., 2000). 
 
Figure 30.  Screen shot of custom muscle digitization program.  The user-digitized 
muscle contour is shown in red.  The lower panel indicates the distribution 
of the pixels by pixel intensity with low intensity (darker) to the left.  
Vertical blue lines indicate user-selected thresholds set to 295 and 778. 
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Figure 31.  T1 weighted magnetic resonance image with user-outlined intrinsic foot 
muscle group (left).  Same image on the right viewed in three colors; pixels 
below the low signal intensity threshold were coded blue; red pixels coded 
for between low and high threshold, and light-green coded pixels are above 
high threshold. 
 
Plantar Intrinsic Foot Muscles (PIFM) 
For each intrinsic foot muscle image set, PIFM CSA were digitized from the 
calcaneus through to the image containing the maximum diameter of the sesamoid bones.  
Forefoot and rearfoot segments were defined by splitting the total number of images 
containing muscle into halves, anterior and posterior.   
The session-to-session repeatability for intrinsic foot muscle image processing 
was estimated.  One randomly selected foot image was processed five times with at least 
24 hours in between each session.  Across sessions, the coefficient of variation (COV) for 
muscle CSA was 1.3%.  The COV for lower and upper thresholds was 11.7% and 1.9%, 
respectively. 
Tibialis Posterior Muscle 
The original intention was to digitize the entire length of the tibialis posterior 
muscle.  However, in all but one subject, the distal 1/3 portion of the tibialis posterior 
could not be identified separately from the flexor digitorum muscle, and therefore, the 
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proximal 2/3 portion was digitized.  Like the PIFM, the reliability of image processing 
for this muscle was also examined.  The COV for posterior tibialis muscle CSA was 
1.7%, and the COV for lower and upper threshold selection was 5.2% and 1.6%, 
respectively.  
 
 
 
Figure 32.  T1 weighted magnetic resonance image of a subject’s leg at the proximal 
one-third of the leg length.  Tibialis posterior muscle is outlined. 
 
Variables and Statistical Analysis 
Due to the irregular shapes and non-uniform distribution across the length of the 
foot, muscle CSA were summed over the rearfoot, forefoot, and entire foot.  For image 
sets containing an odd number of images, the muscle CSA for the middle slice was 
divided in half then added to the forefoot and rearfoot.  In the tibialis posterior muscle 
data, CSA could not be summed over the total length.  As an alternative, two variables 
were compared between groups, the peak muscle CSA and the sum over the five images 
with the greatest muscle CSA within a given leg.  There was confidence in capturing this 
Flexor Digitorum Longus m.Tibialis Posterior m.
Gastrocnemius m.
Soleus m. 
Peroneus longus and 
brevis m. 
Tibialis Anterior m. 
Tibia
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muscle’s peak CSA given that it is located in the proximal half of the leg (Fukunaga et 
al., 1992).   
Paired t-tests (α = 0.05) were used to determine differences between plantar 
fasciitis and healthy feet.  Effect sizes were computed to determine the importance of the 
difference (Cohen, 1988): small effect ES= 0.2, medium effect ES=0.5, large effect, 
ES=0.8.  
Results 
Plantar Intrinsic Foot Muscles 
There was a mean of 38.0 and 37.4 slices digitized for PIFM for healthy and 
plantar fasciitis feet and these were not significantly different (Table 20). 
Table 20.  Number of images digitized for each subject’s healthy and plantar 
fasciitis (PF) foot.  p value and effect size (ES) indicated for a two-tailed 
paired t-test on the number of images analyzed healthy versus PF.  
           
  Number of Foot Images Digitized    
Subject Healthy PF     p  ES  
P01  34  34    
P08  34  36    
P12  34  35    
P18  52  50     
P21  41  39    
P25  36  33    
P28  40  40    
P30  33  32    
Mean  38.0 (6.4) 37.4 (5.8)  0.32  0.11 
                                                                                                      
The majority of intrinsic foot muscle CSA resided in the forefoot.  The 
distribution profile for muscle CSA from heel-to-toe was bimodal with PIFM being larger 
in the forefoot than the rearfoot (Figure 33).  Across all feet, 59.5% (sd = 3.0) of the total 
muscle CSA was in the forefoot and 40.5% (sd = 3.0) was in the rearfoot.  There were no 
obvious differences between the distribution profiles for healthy and plantar fasciitis feet.  
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Also, the male subject (P21) had the largest PIFM CSA in all variables that were 
considered in comparison to the other subjects. 
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Figure 33.  Mean muscle cross sectional areas across the foot length for healthy (H) 
and plantar fasciitis (PF) feet, from sesamoids (0% foot length) to calcaneal 
tuberosity (100%). 
 
Compared to healthy feet, PF feet exhibited a 5.2% reduction of muscle CSA in 
the forefoot (p = 0.03, Table 21).  Six of the eight subjects exhibited lower forefoot 
muscle CSA in the plantar fasciitis foot.  In the rearfoot, no significant muscle size 
differences were found when plantar fasciitis feet were compared to healthy feet ( 
Table 22).  Four of eight subjects exhibited lower muscle CSA in the rearfoot 
PIFM on the plantar fasciitis side. 
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Table 21.  Subject and group mean data for total muscle cross sectional areas (CSA) 
in the forefoot derived by MRI (healthy feet: H, plantar fasciitis: PF, 
percentage difference with respect to H: %H).  A p value for a one-tailed 
dependent t-test and effect size (ES) are provided.  
             
Forefoot Total Muscle CSA  
Subject H (cm2) PF (cm2) Difference (%H) p-value ES  
P01  160.1  147.1    -8.1   
P08  148.2  147.9    -0.2   
P12  135.9  136.2     0.2  
P18  190.1  165.7  -12.9   
P21  276.3  244.9  -11.4   
P25  163.1  147.8    -9.4   
P28  128.3  123.2    -3.9   
P30  148.3  154.7     4.3   
Mean (sd) 168.8 (47.3) 158.4 (37.1)   -5.2 (6.2)  0.03  0.26  
                                                                                                                          
   
 
Table 22.  Subject and group mean data for total muscle cross sectional areas (CSA) 
in the rearfoot derived by MRI (healthy feet: H, plantar fasciitis: PF, 
percentage difference with respect to H: %H).  A p value for a one-tailed 
dependent t-test and effect size (ES) are provided. 
             
Rearfoot Total Muscle CSA        
Subject H (cm2) PF (cm2) Difference (%H) p-value ES  
P01    95.0  105.5    11.0   
P08    97.9  107.2     9.5 
P12  114.8  109.2   -4.9 
P18  112.0  103.1   -7.9 
P21  217.8  188.5  -13.5 
P25  110.3  112.8     2.2 
P28    78.0    78.0     0.0 
P30    89.4    87.6    -2.0 
Mean (sd) 114.4 (43.6) 111.5 (33.3)   -0.7 (8.3)  0.26  0.08 
                                                                                                                           
There were no significant differences between the healthy and PF feet when PIFM 
CSA were summed over an entire foot series (Table 23) or as a peak muscle CSA (Table 
24).  Six of the eight subjects exhibited reductions with respect to the healthy foot.   
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Table 23.  Subject and mean data for total muscle cross sectional areas (CSA) 
summed over the entire series of foot images (plantar fasciitis: PF, 
percentage difference with respect to healthy feet: %H).  A p value for a 
one-tailed dependent t-test and effect size (ES) are provided.  
             
Total CSA – Whole Foot       
Subject Healthy (cm2) PF (cm2) Difference (%H) p Value ES  
P01  255.1  252.6    -1.0 
P08  246.1  255.1     3.7 
P12  250.7  245.4    -2.1 
P18  302.1  268.8   -11.0 
P21  488.7  433.4   -11.3 
P25  273.5  260.6     -4.7 
P28  206.3  201.2     -2.5 
P30  237.7  242.3       1.9 
Mean (sd) 282.5 (87.7) 269.9 (69.0)     -3.4 (5.4) 0.07  0.17 
                                                                                                                           
Table 24.  Individual subject data for peak cross sectional areas (CSA) across entire 
foot (plantar fasciitis: PF, percentage difference with respect to healthy 
group: %H).  p-value for a one-tailed dependent t-test between groups. ES: 
effect size. 
             
Peak Foot CSA       
Subject H (cm2) PF (cm2) Difference (%H) p-value ES  
P01    13.0    13.5     3.8   
P08    12.1    12.3     1.7 
P12    11.1    11.0    -0.9 
P18    11.0    10.3    -6.4 
P21    19.7    18.0    -8.6 
P25    12.8    13.1     2.3 
P28      9.3      8.6    -7.5 
P30    12.4    13.9      12.1 
Mean (sd)   12.7 (3.1)   12.6 (2.8)  -0.4 (7.0)  0.41  0.03 
             
 
Tibialis Posterior Muscle 
There were no significant differences between the tibialis posterior muscle CSA 
of healthy and plantar fasciitis legs measured in peak or sum over the greatest five images 
(Table 25, Table 26).  Subject P25 exhibited 11.3% atrophy in the leg ipsilateral in 
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comparison to the plantar fasciitis foot.  In contrast to the PIFM CSA, the male subject 
(P21) did not exhibit substantially larger muscles in comparison to the rest of the group. 
Table 25.  Individual subject and mean data for image containing the peak cross 
sectional area (CSA) for tibialis posterior (healthy feet: H, plantar fasciitis: 
PF, percentage difference with respect to H: %H).  P-value for a one-tailed 
dependent t-test between groups and effect size (ES) are provided. 
             
Tibialis Posterior – Peak CSA       
Subject H (cm2) PF (cm2) Difference (%H) p Value ES  
P01      3.2      3.2    0.0   
P08      3.6      3.6    0.0 
P12      5.0      5.0    0.0 
P18      3.4      3.5    2.9 
P21      5.6      6.0    7.1 
P25      6.2      5.5   -11.3 
P28      4.3      4.4     2.3 
P30      2.9      3.0     3.4 
Mean (sd)     4.3 (1.2)     4.3 (1.1)    0.6 (5.4)  0.50  0.00 
                                                                                                                           
 
 
Table 26.  Individual subject and group mean data for muscle cross sectional area 
(CSA) of a sum of the five images for the tibialis posterior muscle with the 
greatest CSA (healthy feet: H, plantar fasciitis: PF, percentage difference 
with respect to H: %H).  A p-value for a one-tailed dependent t-test between 
groups and effect size (ES) are provided. 
             
Tibialis Posterior - Sum of Top Five CSA Images     
Subject H (cm2) PF (cm2) Difference (%H) p Value ES  
P01    15.6    15.8    1.3   
P08    17.8    17.9    0.6 
P12    24.5    24.3   -0.8 
P18    16.5    17.3    4.8 
P21    27.5    29.6    7.6 
P25    29.6    27.2    -8.1 
P28    21.0    21.7     3.3 
P30    14.2    15.0     5.6 
Mean (sd)   20.8 (5.8)   21.1 (5.5)    1.8 (4.9)  0.29  0.06 
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Discussion 
The first purpose of this study was to quantify the distribution of plantar intrinsic 
foot muscles throughout the length of the foot.  The second purpose was to determine 
whether chronic plantar fasciitis is associated with atrophy of the PIFM and the tibialis 
posterior muscle.  In a cohort of unilateral chronic plantar fasciitis patients, axial MRI 
images were acquired bilaterally for the feet and legs.  The present cohort was consistent 
with the clinical plantar fasciitis population in terms of age and predominance for females 
(DeMaio et al., 1993; Davis et al., 1994).  The foot posture index scores of healthy and 
plantar fasciitis feet were well within the reported normal range (mean ± sd: 1.9 ± 2.0), 
and therefore were neither overly ‘pronated’ or ‘supinated’ (Redmond et al., 2008). 
This study demonstrated a bimodal distribution for the CSA of the PIFM from 
heel-to-toe in healthy and plantar fasciitis feet.  The bias toward greater muscle size in the 
forefoot is likely an indication of the higher degree of dexterity at the metatarsals and 
phalanges in comparison to the rearfoot.  Since the foot segment is overall smaller than 
the leg, it was surprising that the PIFM were comparable in peak CSA to the lateral 
gastrocnemius, and even larger than the individual tibialis anterior, tibialis posterior, 
medial gastrocnemius and flexor digitorum longus (Fukunaga et al., 1992; Kent-Braun et 
al., 2000).  There were no obvious changes compared to the contra-lateral healthy in the 
distribution of muscle with chronic plantar fasciitis, and therefore, substantial 
compensatory hypertrophy or atrophy to the PIFM seems unlikely.  These CSA data build 
upon the muscle property data provided by others which may be used for purposes such 
as simulation modeling (Silver et al., 1985; Kura et al., 1997; Lachowitzer et al., 2007; 
Ledoux et al., 2001).   
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The data from the current study were compared to other studies which have used 
MRI for muscle size estimation.  It was challenging to make a reasonable comparison of 
PIFM CSA results to previous literature given that CSA has not been reported; instead, 
semi-quantitative scores (Bus et al., 2009) and the ratio of muscle area to total foot area 
have been reported (Bus et al., 2002; Greenman et al., 2005).  The present PIFM CSA 
data, however, were converted to similar total volume data reported by (Andersen et al., 
2004) by multiplying the mean total PIFM CSA with the inter-slice distance.  The results 
from the present study were much smaller (i.e. 113.0 cm3 versus 168 cm3).  The higher 
estimations of the previous researchers are due to several factors.  First, their estimations 
were based on stereological point-counting, which are estimations derived by multiplying 
a constant grid area according to the type of tissue which a grid point intersected.  
Second, they did not exclude the extensor intrinsic foot muscles, and third, they did not 
identify and subtract areas above and below pixel thresholds.  In regards to the present 
estimates for healthy tibialis posterior CSA, ours were slightly lower that a previous 
study (Fukunaga et al., 1992) (i.e. 4.3 ± 1.2 cm2 versus 5.40 ± 1.41 cm2).  Fukunaga et al. 
(1992), however, did not subtract areas relating to intramuscular fat or fascia located 
within the digitized perimeter as was done in the present study.  Furthermore, the subjects 
of the Fukunaga et al. (1992) study were predominantly young healthy males (mean age: 
32.6 years).  Therefore, these significant methodological and subject pool differences are 
most likely accountable for the discrepancies.   
The findings of this study supported the hypothesis that plantar fasciitis is 
associated with PIFM atrophy at the forefoot, but there was a lack of support for the 
hypothesis of atrophy at the rearfoot.  The PIFM CSA of chronic plantar fasciitis was on 
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average 5.2% less than the contra-lateral healthy feet.  Therefore, the following muscles 
or a combination of are implicated in this atrophy because they reside in the forefoot: 
flexor hallucis brevis medialis, flexor hallucis brevis lateralis, adductor hallucis 
transverse, adductor hallucis oblique, and the plantar interossei.  Also implicated, but to a 
lesser extent are the quadratus plantae and flexor digitorum brevis since a large majority 
of their muscle bellies are located in the rearfoot.   
At the rearfoot, however, group differences were small and not significant.  
Therefore, the muscles situated at the rearfoot are not implicated in atrophy.  These are 
namely the: flexor digitorum brevis, the abductor hallucis, the quadratus plantae, and 
abductor digiti minimi (Figure 10).  Looking more closely at the individual responses, it 
was apparent that responses were subject specific and non-systematic.   
There were no significant group differences found in PIFM in regards to peak 
CSA and the sum of MRI CSA across the foot.  However, the use of one representative 
CSA value may be only appropriate in other more systemic pathologies, such as diabetes 
neuropathy in which significant muscle atrophy is to be expected in the entire foot (Bus 
et al., 2002; Bus et al., 2009).  With the examination of CSA summed over the foot 
segment, it was noted that the difference trended towards significance (p = 0.07).  This 
suggests that the use of a variable which totals CSA over the foot may mask any 
segmental differences, or may be an indication of variability of muscle distribution within 
a given subject.  
The occurrence of forefoot atrophy in plantar fasciitis feet may bring a greater 
understanding of the aetiology of plantar fasciitis and healthy foot function and direct 
intervention to this problem.  Interestingly, many PIFM in the forefoot (i.e. PIFM of the 
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third plantar layer) insert onto the surroundings of the first metatarsophalangeal joint.  
Therefore, we speculate that atrophy of these forefoot muscles may result in a reduced 
ability to stabilize and to generate a plantar flexion moment at the first metatarsal.  When 
a foot with atrophy is loaded, one would expect a greater magnitude of medial 
longitudinal arch flattening, which would lead to an increased strain on the plantar fascia.  
When repeated over many cycles, increased tension on the plantar fascia may delay 
healing of that tissue.  This injury mechanism has also been suggested by Allen and 
Gross (2003), and the present data indirectly support their reports of a loss of plantar 
flexor toe strength in plantar fasciitis individuals.  Towards understanding foot 
mechanics, a finding of localized atrophy in some ways disagrees with the belief that 
PIFM work together as a functional unit (Mann and Inman 1964).  Had that been true, the 
atrophy would have been evenly distributed across rearfoot and forefoot segments.  
Although associative, these data support the postulate that plantar fasciitis may be a result 
or prolonged by muscle atrophy, a characteristic which could destabilize the medial 
longitudinal arch.   
The lack of atrophy in the rearfoot was unexpected.  Cadaver research has shown 
that the abductor hallucis muscle, a muscle which is for the most part situated in the 
rearfoot, plays an important role in elevating the medial longitudinal arch by flexing and 
supinating the first metatarsal (Wong et al., 2007).  However, atrophy of this muscle may 
have been masked by the amalgam of rearfoot muscle CSA.  Future studies may use 
different imaging techniques which would allow for better delineation of individual 
PIFM to verify the absence of individual muscle atrophy. 
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The group data did not support the expectation for atrophy of the posterior tibialis 
muscle on the ipsilateral side to the plantar fasciitis foot.  However, individual subject 
data were insightful.  The tibialis posterior muscle was examined in this study because it 
plays a significant role in supporting the medial longitudinal arch.  While these data do 
not refute the supportive role of tibialis posterior, they suggest that most patients with 
chronic plantar fasciitis do not exhibit a loss of muscle.  However, it should be noted that 
subject P25 exhibited a much smaller tibialis posterior on the plantar fasciitis side (-
11.3%).  Such a magnitude of atrophy is on par with that of individuals who suffer from 
posterior tibial tendon dysfunction with adult acquired flat foot (mean 10.7%, Wacker et 
al, 2003).  Therefore, in this subject, atrophy of the tibialis posterior muscle may have 
played a significant role in the development of plantar fasciitis.  While as a group, there 
was little indication of systematic atrophy of the posterior tibialis, the data indicate that 
atrophy of the posterior tibialis muscle may be present in a minority of plantar fasciitis 
individuals.   
Limitations of the study should be considered in light of these findings.  A healthy 
control group was absent from this experimental design, therefore, the differences 
between individuals with plantar fasciitis and healthy individuals is not known.  Also, the 
sample size used in this study was relatively small, thus these data should be interpreted 
cautiously if generalizing to a larger population.  There are two reasons for the small 
sample size.  First is the prohibitive cost of using MRI, and second, the digitization of 
foot muscles is a challenging and laborious process.  As an alternative to a larger sample 
size and control group, we chose to study individuals who suffered from unilateral 
chronic plantar fasciitis so that subjects’ healthy feet could serve as their own control.  
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An additional benefit to such a design is the reduction of inter-subject variability.  In 
regards to digitizing images, the subjectivity of the process is problematic, however, 
precautions were made to minimize errors associated with this process.  In particular, one 
researcher digitized all image sets, and therefore there were no issues relating to inter-
observer variability.  Also, the researcher was blinded to the identity of the image sets.  
Furthermore, navigating between images and toggling color displays facilitated the 
identification of the anatomy.  Given that the 5.2% difference seen in the forefoot 
exceeded the COV of reliability by fourfold, we are confident these PIFM differences 
were reliable.  For these reasons, we feel that this is a good first step in understanding the 
relationship between plantar fasciitis and muscle size.    
The findings of these data may be used to guide clinicians who deal with patients 
suffering from plantar fasciitis.  These data indicate that some patients may present with 
muscle atrophy in the PIFM and a small minority of patients at the tibialis posterior 
muscles.  Therefore, a clinical assessment of plantar fasciitis patients should include 
appropriate muscle testing.  Also, these data underscore the need to strengthen forefoot 
muscles, a treatment modality seen in some (Taunton et al., 1982; Warren, 1990; 
Cornwall and McPoil, 1999), but not all clinical literature (Kwong et al., 1988; Chandler 
and Kibler, 1993).  Exercises should target the forefoot and in particular plantar flexion 
and adduction of the first metatarsal and metatarsophalangeal joint.  Lastly, treatment 
modalities which encourage muscle atrophy through disuse, such as casting the foot, is 
contra-indicated.   
In conclusion, this study contributed to the understanding of PIFM in healthy and 
plantar fasciitis feet.  It was found that there is a greater amount of PIFM in the forefoot 
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as compared to the rearfoot.  In chronic plantar fasciitis, there was evidence of PIFM 
atrophy in the forefoot, but not in the rearfoot.  Many of the muscles of the forefoot insert 
onto the first ray, and when atrophied may destabilize the medial longitudinal arch, and 
therefore delay recovery by placing a greater strain of the plantar fascia.  Also, while a 
large majority of subjects did not exhibit atrophy of the tibialis posterior, atrophy of this 
muscle may present in a small minority of patients.  Therefore, patient assessments 
should include muscle testing to determine whether there is a loss of strength is present 
first at the forefoot, and second at the tibialis posterior.  Clinicians may intervene by 
addressing muscle atrophy and tailoring exercises which particularly target the first 
metatarsophalangeal joint to prevent excessive flattening of the medial longitudinal arch. 
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CHAPTER VI 
 
PART III – ESTIMATIONS OF PLANTAR INTRINSIC FOOT MUSCLE 
ENERGETICS IN INDIVIDUALS WITH UNILATERAL PLANTAR FASCIITIS 
Abstract 
The plantar intrinsic foot muscles (PIFM) and the plantar fascia play an important 
role in supporting the medial longitudinal arch of the foot during stance and push-off.  It 
is not known, however, what level of metabolic demand at the PIFM is associated with 
walking and whether this is affected by plantar fasciitis (PF).  The primary objective of 
this study was to determine whether it is feasible to measure muscle energetics of the 
PIFM via phosphorus magnetic resonance spectroscopy (31P MRS) before and after a 
walking protocol.  The secondary purpose was to determine whether PF is characterized 
by changes in muscle bioenergetics.  In the intrinsic foot muscles of healthy and contra-
lateral PF feet of unilateral PF individuals, pH and the ratio of inorganic phosphate to 
phosphocreatine (Pi/PCr) were quantified using 31P MRS in a pre- and post-walking 
design.  To guide the interpretation of muscle energetic data, metatarsophalangeal joint 
power and energy were estimated using an inverse dynamics technique.  The PIFM of 
healthy and PF feet were not significantly different in resting intramuscular levels of pH 
(p=0.24) or Pi/PCr (p=0.17), and there were no significant differences in the increase of 
Pi/PCr (p=0.85) from pre- to post-walking.  It was concluded that resting energetics were 
consistent with muscle free of systemic disease or neuromuscular pathology.  
Furthermore, the presence of PF did not elicit systematic asymmetries in the metabolic 
demand in comparison to healthy feet.  Large inter-subject metabolic responses may 
indicate differing coordinative walking strategies.  
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Introduction 
The plantar intrinsic foot muscles (PIFM) are recognized for playing an important 
role in the dynamic support of the medial arch and push-off in gait (Mann and Inman, 
1964).  PIFM cross numerous joints, the midtarsal and the metatarsophalangeal joints 
(MTPJ) being the most functionally important (Hicks, 1954).  Likely due to the 
anatomical complexities of the foot, only a few studies have quantified the activity of the 
PIFM in gait in vivo (Mann and Inman, 1964; Basmajian and Stecko, 1963).  These 
studies suggest that PIFM participate in plantarflexion and support of the arch and the 
phalanges.  A presence of plantar fasciitis, an injury to a passive structural component of 
the medial longitudinal arch (Wearing et al., 2006), may elicit changes in the demand of 
the PIFM.  This study aims to quantify the metabolic activity of the PIFM, and determine 
whether this is changed with a plantar fasciitis injury. 
Electromyographical (EMG) research indicates that muscle activation of the 
PIFM increases with foot injuries and deformities.  In comparison to healthy normal 
arched feet, it has been shown that individuals with painful flat feet exhibit increased 
involuntary activation of the abductor hallucis in standing (Duranti et al., 1985) and in 
walking gait (Kayano, 1986).  Mann and Inman (1964) reported that flat, pronated feet 
exhibited earlier onset of PIFM acitvation in stance phase of gait (i.e. abductor hallucis, 
flexor digitorum brevis and flexor hallucis brevis).  In a pes planus deformity, Gray and 
Basmajian (Gray and Basmajian, 1968) reported that the abductor hallucis and flexor 
digitorum muscles were more active in flatfooted subjects.  It has been suggested that flat 
medial longitudinal arches elicit a greater activation of the PIFM to support the arch 
(Gray and Basmajian, 1968).  Based upon the findings of these studies, there is reason to 
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believe that the biomechanics and activation of PIFM may be affected by the presence of 
plantar fasciitis.  If support elements of the medial longitudinal arch are mechanically 
compromised, such as in the case of plantar fasciitis, there may be an increase in activity 
of in the PIFM during a given task.   
While EMG has been the main technique for studying PIFM activity in vivo, there 
are associated methodological limitations.  The muscle architecture of the foot consists of 
four layers on the plantar aspect, with only a few PIFM lying sufficiently near the surface 
for use of EMG.  Therefore, studies have reported EMG data for only the most superficial 
muscles, often only the abductor hallucis (Kayano, 1986; Duranti et al., 1985); 
(Fiolkowski et al., 2003), (Headlee et al., 2008).  A more complete data set for the PIFM 
may be achieved with fine wire EMG (Sheffield et al., 1956; Mann and Inman, 1964; 
Basmajian and Stecko, 1963), however, such an invasive technique is inappropriate for 
the study of ailing feet. 
As an alternative method to the electrical quantification of muscle activation, 
phosphorous magnetic resonance spectroscopy (31P MRS) quantifies activity from a 
metabolic perspective (Chance et al., 1980).  In 31P MRS, surface coils are used to 
measure non-invasively muscle metabolic activity from a volume of interest at a 
penetration depth deeper than fine wire EMG.  At rest, during exercise and in recovery, 
measurements are made of intramuscular phosphorous containing metabolites, namely 
phosphocreatine (PCr), inorganic phosphate (Pi) and adenosince triphosphate (ATP) 
(Chance et al., 1980; Chance et al., 1985; Kemp and Radda, 1994).   
A measure of Pi/PCr at rest and with exercise has been used as an indicator of 
disease and metabolic demand.  At rest, skeletal muscle that is diseased and/or damaged 
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(e.g. peripheral vascular disease, chronic muscle necrosis and muscular dystrophy) has 
exhibited an increased Pi/PCr compared to healthy subjects (McCully et al., 1988; Kent-
Braun et al., 1995).  In exercise, studies of human steady-state wrist flexion using 31P 
MRS have shown that there is a repeatable linear relationship between the Pi / PCr ratio 
and submaximal work rate (Chance et al., 1985; McCully et al., 1991).  Furthermore, 
various patient populations exhibited a higher Pi / PCr ratio for a given work rate during 
submaximal exercise compared to healthy subjects (Kent-Braun et al., 1995).  Therefore, 
the use of 31P MRS for quantifying the energetics of PIFM may provide novel 
information about muscle energetics.  No previous studies have used 31P MRS to non-
invasively measure muscle at rest in a pre- and post-walking design.   
This study represents a first step toward estimating muscle energetics of the PIFM 
at rest, with walking and their adaptations with plantar fasciitis injury.  The primary 
objective was to determine whether it was feasible to use 31P MRS to quantify muscle 
energetics of the PIFM due to walking.  The secondary objective was to determine 
whether plantar fasciitis feet in comparison to healthy feet, exhibit alterations in intrinsic 
foot kinetics and bioenergetics at rest and with walking.  Due to a lack of muscle disease, 
we hypothesized that there would be no differences in resting levels of intracellular pH 
and Pi/PCr.  Also, we hypothesized that plantar fasciitis feet would exhibit a relatively 
greater increase in Pi/PCr due to the compromised arch support (plantar fasciitis).  To 
guide the interpretation of changes in Pi/PCr from pre- to post-walking, the mechanics of 
push-off were estimated.  
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Methods 
Subjects 
Ten subjects between the ages of 30 to 60 years with chronic unilateral plantar 
fasciitis were recruited (mean (sd) age: 44.9 years (8.1), height: 163.2 cm (7.5), mass: 
74.0 kg (11.7), duration of symptoms: 2.7 years (3.3), gender: 9 female, 1 male).  These 
subjects were a subset of Part I’s cohort.  Subjects gave informed consent to this study 
which was approved by the Institutional Review Boards of the University of 
Massachusetts (Appendix A and B) and Yale University.  Individuals were included in 
the study if there was pain upon palpation of the plantar fascia, and they reported having 
experienced first-step heel pain at least five times.  All subjects were symptomatic for 
greater than three months only on one foot (PF), never having had symptoms in the 
contra-lateral healthy foot (H).  Individuals with a high arch foot type were excluded 
because it is believed that high-arched feet have a different injury mechanism than 
normal and low arched feet.  A high-arched foot was defined as a standing arch ratio 
(Williams and McClay, 2000) greater than 0.357, one standard deviation above the 
University of Massachusetts Biomechanics laboratory’s present mean value.  Plantar 
fasciitis feet did not differ morphologically from contra-lateral healthy feet in a standing 
arch ratio (p=0.31, mean ± sd H: 0.314 ± 0.025, PF: 0.310 ± 0.026) and foot posture 
index (p=0.94, mean ± sd H: 5.1 ± 3.2, PF: 5.0 ± 3.5) (Redmond et al., 2006).  Subjects’ 
levels of foot function are reported in  
Table 27 (Appendix E; Budiman-Mak et al., 2006).  Additional exclusion criteria 
included a history of: a local steroid injection within the last two months, arthritis in the 
lower extremities, local traumatic injury, neurological disorders, myopathies, local 
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cardiovascular disorder, local infections and tumors, pregnancy and a body mass index 
greater than 35.0 kg·m-2.  The six-meter preferred walking speed for these individuals 
based on five trials was 1.28 ± 0.17 m·s-1.  Three of the female subjects did not 
participate in the MRS measures due to drop out or because MRI safety criteria were not 
met (Appendix C), leaving seven subjects with MRS data.  Based upon previous MRS 
literature (Lanza et al., 2006) and pilot data, an a priori sample size estimation (α= 0.05, 
β=0.80) indicated that seven subjects was sufficient to detect group differences in Pi/PCr. 
 
Table 27.  Group mean (sd) scores totaled for each section of the Revised Foot 
Function Index.  
         
Foot Function Index 
Section    Mean (sd)              
Pain       6.5  (3.5)    
Stiffness      3.6  (4.0)    
Disability      9.5  (8.6)    
Activity Limitation     4.0  (4.3)    
Social Issues      2.3  (2.8)      
 
Muscle Energetics 
The 31P MRS measurements were conducted at the Yale Magnetic Resonance 
Research Center (New Haven, Connecticut).  A pre- (PRE) and post-walking (POST) 
experimental design was implemented to measure intracellular concentrations of PCr and 
Pi.  A 4.0-Tesla MRS system (Bruker Biospin, Rheinstetten, Germany) measured 
intracellular metabolites within the foot through a 1H and 31P tuned radio frequency 
surface coil consisting of a circular 1H coil (diameter= 6cm) and an elliptical 31P coil (3 x 
4 cm).  Since only one foot could be measured at a time, the experiment sequence was 
performed twice in each subject to measure each foot with sufficient rest time between 
trials (> 20 minutes).  To obtain resting 31P data prior to walking, subjects were 
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positioned supine with their knee flexed inside the bore of the superconducting magnet.  
Positional adjustments to the bed, foot and surface coil were made until 1H scout images 
confirmed that the surface coil was centered on the flexor digitorum muscle belly of the 
foot, and at the isocentre of the main magnetic field.  Magnetic field homogeneity was 
optimized by fast automatic shimming techniques (FASTMAP), or manually shimmed on 
the water signal in the event that FASTMAP was unable to arrive at an optimal solution.  
The 31P free induction decay (FID) collection parameters for PRE and POST were the 
same (data acquisition time=3 min, pulse time=100μs, 60° nominal flip angle, TR=2s, 
number of scans=90, 2048 data points, spectrum width=8000Hz).  Once PRE 
measurements were complete, the bed position was recorded, the bed and subject were 
removed from the magnet, and the position of the coil relative to the subject’s foot was 
outlined in ink on the skin. 
After a seated rest period of five minutes, subjects walked barefoot on a 
motorized treadmill for seven minutes at 1.35 m·s-1.  At the last step, a blood pressure 
cuff located above the malleoli was inflated within approximately 10 to 15 seconds to 
supra-systolic pressure (> 220 mmHg).  The cuff was utilized to impede blood flow to the 
PIFM.  Therefore, oxidative recovery of PCr was prevented and the metabolic 
disturbance as a result of barefoot walking was preserved.  Following cuff inflation, 
subjects were transported by a non-magnetic wheelchair back to the MR room then lifted 
onto the bed.  The surface coil was repositioned to the foot according to the inked outline 
and subjects were then repositioned in the superconducting magnet at the same position 
as in PRE.  Data acquisition for POST began within 3 to 3.75 minutes after the last step 
of walking.  The cuff was deflated once the 31P FIDs were collected.   
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A single investigator (RGL) conducted post-processing of FIDs using NUTS 
software (Acorn NMR Inc., Livermore, CA, USA) to derive intramuscular concentrations 
of PCr, Pi and pH.  The FID data were averaged (90 scans) then multiplied with a 10Hz 
exponential line function to improve the signal to noise ratio.  The resulting FID was 
Fourier transformed to generate phosphorous spectra in the frequency domain.  
Frequency signals were corrected for phase distortions.  The spectral baseline that was 
due to bone was corrected by subtracting a baseline fitted to a 5th order polynomial.  PCr 
and Pi peaks were identified by their distinct resonant frequencies.  Gaussian and 
Lorentzian curves were fit to the Pi and PCr peaks respectively using a least squares fit 
algorithm and these fits were integrated to derive their relative concentrations.  By 
assuming that [PCr] + [Pi] = 42.5 mM, millimolar concentrations of [PCr] and [Pi] were 
determined (Harris et al., 1974).  Saturation correction factors for Pi and PCr were 
applied according to fully relaxed spectra collected on two of the subjects.  Intracellular 
pH values were calculated based on the chemical shift between the Pi and PCr peaks 
(Moon and Richards, 1973). 
Mechanical Energy 
As an indicator of PIFM work, a Newton-Euler inverse dynamics procedure 
similar to Stefanyshyn and Nigg (1997) was performed to obtain MTPJ power curves in 
the sagittal plane.  This model is a mechanical simplification of the MTPJ anatomy given 
that there are several PIFM and five MTPJ.  Furthermore, there are several PIFM that 
span numerous joints from rearfoot to the phalanges.  A better estimation of energy 
performed by the PIFM may have been achieved by an eight segment foot model 
(MacWilliams et al., 2003).  However, a thorough estimation of the mechanical work and 
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energy of the PIFM is not the primary focus of this study.  Moreover, without further 
developing a method to include force systems of adjacent medio-lateral segments, kinetic 
and work computations within the foot are not without significant limitations (Buczek et 
al., 2006).   
Gait data were collected at the Biomechanics Laboratory of the University of 
Massachusetts with a three-dimensional motion capture system synchronized with a force 
platform.  The foot segment was defined proximally by retroflective skin markers fixed to 
the medial and lateral malleoli, and distally by the first and fifth metatarsal heads.  The 
foot segment was tracked by three markers on the rearfoot (calcaneus, peroneal tubercle 
and sustentaculum tali).  A toe segment was defined and tracked proximally by the first 
and fifth metatarsal head markers and distally by a marker placed on the proximal hallux.   
Kinematic and kinetic data were collected for standing calibration and walking 
trials on a straight ten meter walkway (1.35 ms-1 ± 5%).  The data collection system 
consisted of eight circularly positioned 1.3 megapixel cameras (Oqus 3-series, Qualisys 
AB, Gothenburg, Sweden) sampling at 240 Hz and a force platform (BP6001200, AMTI 
Inc., Watertown, USA) sampling at 1920 Hz.  Data were collected in random sets for one 
foot, then the other.  Subjects were instructed to cross the force platform without 
targeting.      
Data processing, computations and model building were performed in Visual 
3DTM (C-Motion Inc., Germantown, USA).  Marker histories and analog signals were 
smoothed with a 4th order, low-pass Butterworth filter at 8 Hz and 70 Hz, respectively.  
Joint kinematics were calculated with six degrees of freedom using a right-handed 
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orthogonal Cardan Xyz sequence of rotations (Cole et al., 1993).  Data for five trials for 
each foot were processed, and these means were used to calculate group means.   
In this inverse dynamics approach, the toe and foot segments are modeled as 
cones (Figure 34).  The mass of the foot and toe segments were given a mass proportional 
to 0.0145 (Dempster, 1955) and 0.00145 of the subject’s mass, respectively.  The location 
of the MTPJ center was defined at the midpoint between the first and fifth metatarsal 
head markers.  The MTPJ joint moment was computed as the toe relative to the foot 
segment.  The moment was assumed to be negligible until the center of pressure moved 
anterior to first metatarsal head marker.  Joint power was estimated using the equation Pj 
= Mj ωj, where Pj is the joint power, Mj is the moment of the joint and ωj is the joint 
angular velocity (Winter, 2005).  Positive and negative joint work were calculated by 
taking the time integrals of the positive and negative regions of the power curve, 
respectively.  Various extrinsic foot muscles also cross the MTPJ and therefore, MTPJ 
energy was only used as a gross estimate of work.   
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Figure 34.  The toe and foot segments modeled as cones as a subject walked from 
right to left across the surface of the force platform.  At this moment, the 
ground reaction force (GRF) vector is acting at the toe segment.  The fixed 
laboratory coordinate system (XYZ) is indicated on the right-side. 
 
Statistical Analysis 
Differences between healthy and plantar fasciitis feet were determined using a 
paired t-test (α=0.05).  Group mean variables of interest included resting pH, PRE Pi/PCr, 
POST Pi/PCr and the change in Pi/PCr from PRE to POST.  Kinetic, mechanical energy     
and work variables were averaged over five trials for each subject.  Variables of interest 
included: peak ground reaction force at loading (GRF1), peak ground reaction force at 
pushoff (GRF2), peak MTPJ plantar flexion moment, mechanical energy absorbed at the 
MTPJ, and the mechanical energy generated at the MTPJ.  Effect sizes were computed to 
determine the importance of the difference (Cohen, 1988): small effect ES= 0.2, medium 
effect ES=0.5, large effect, ES=0.8.  
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Results 
Muscle Energetics: pH and Pi/PCr 
There were no systematic differences between healthy and plantar feet in the 
resting levels of intracellular pH and Pi/PCr (Table 28, Table 29).  Some individuals 
exhibited equal levels of pH and Pi/PCr in both healthy and plantar fasciitis feet, some 
subjects exhibited lower levels on the healthy side, while the opposite was true for others.  
The group ranges for pH and Pi/PCr at rest were 7.09 to 7.15 and 0.08 to 0.13, 
respectively. 
 
Table 28.  Individual and mean (sd) pH values at rest.  A p value and effect size (ES) 
estimate is provided for a dependent t-test of the means. 
           
   pH at Rest 
Subject Healthy Plantar Fasciitis p value  ES  
P01  7.13  7.10   
P08  7.10  7.09   
P12  7.09  7.09   
P21  7.14  7.09   
P25  7.18  7.15   
P28  7.13  7.13   
P30  7.08  7.11   
Mean  7.12 (0.03) 7.11 (0.02)  0.24  0.37 
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Table 29.  Individual and mean (sd) Pi/PCr values at rest.  A p and effect size (ES) 
estimate are provided for a dependent t-test of the means.  
           
   Pi/PCr at Rest 
Subject Healthy Plantar Fasciitis p value  ES  
P01  0.13  0.10   
P08  0.11  0.10   
P12  0.12  0.15   
P21  0.08  0.07   
P25  0.12  0.12   
P28  0.14  0.10   
P30  0.13  0.08   
Mean  0.12 (0.02) 0.10 (0.03)  0.17  0.93 
                                                                                                                          
 
With walking, all subjects exhibited a decrease in PCr, and an accumulation of Pi 
consistent with buffering of ATP with use of PCr (for example spectra, see Figure 35).  
There were no group differences in the levels of Pi/PCr following exercise (Table 30) nor 
were there differences in the relative increase in the Pi/PCr ratio (Table 31).  Compared 
to the plantar fasciitis foot, the healthy foot of four of seven subjects exhibited a 
relatively larger increase in Pi/PCr.  The increases in Pi/PCr as a result of walking were 
similar in both feet of a given subject.  For example, subject P30 exhibited a relatively 
high Pi/PCr response in both healthy and plantar fasciitis feet in comparison to the rest of 
the cohort.  No differences between feet were found in post-walking levels of pH (Table 
32). 
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Figure 35.  31P MRS spectra from one subject at rest (PRE) and after seven minutes 
of barefoot treadmill walking (POST).  Peaks for inorganic phosphate (Pi), 
phosphocreatine (PCr), and the three phosphate groups (α, β, γ) of 
adenosine triphosphate (ATP) are indicated. 
 
Table 30.  Individual and mean (sd) Pi/PCr values following seven minutes of 
treadmill walking.  A p value and effect size (ES) estimate is provided for a 
paired t-test of the means. 
           
   Pi/PCr POST 
Code  Healthy Plantar Fasciitis  p  ES  
P01  0.30  0.27   
P08  0.45  0.46   
P12  0.20  0.19   
P21  0.15  0.17   
P25  0.18  0.17   
P28  0.18  0.25   
P30  1.11  0.91   
Mean  0.37 (0.34) 0.35 (0.27)  0.53  0.07 
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Table 31.  Individual and mean relative increases in Pi/PCr from rest (PRE) to 
following seven minutes of treadmill walking (POST).  A p and effect size 
(ES) estimate is provided for a dependent t-test of the means. 
           
   Increase in Pi/PCr PRE to POST 
Code  Healthy Plantar Fasciitis   p  ES  
P01  0.17  0.17   
P08  0.34  0.36   
P12  0.08  0.04   
P21  0.07  0.10   
P25  0.06  0.05   
P28  0.04  0.15   
P30  0.98  0.83   
Mean  0.25 (0.34) 0.24 (0.28)  0.85  0.04 
                                                                                                                         
  
Table 32.  Individual and mean (sd) pH values post-walking.  A p value and effect 
size (ES) estimate is provided for a dependent t-test of the means. 
           
   Post-walking pH  
Subject Healthy Plantar Fasciitis p value  ES  
P01  7.09  7.06   
P08  7.05  7.02   
P12  7.00  7.04   
P21  7.14  7.14   
P25  7.17  7.10   
P28  7.15  7.15   
P30  7.00  6.95   
Mean  7.09 (0.07) 7.07 (0.07)  0.20  0.31 
                                                                                                                         
 
MTPJ Joint Moments and Energy 
The vertical ground reaction force in walking was characteristically bimodal in 
shape (Figure 36).  There were significant differences in the peak GRF associated with 
propulsion on the plantar fasciitis foot, but not with loading (Table 33).   
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Figure 36.  Mean and standard deviation bands for the vertical ground reaction 
forces in individuals with unilateral plantar fasciitis (healthy foot (H) and 
plantar fasciitis foot (PF)).   
  
In general, the mean MTPJ moment and power curves were predominantly 
negative indicating that the plantar flexors of the MTPJ were eccentrically resisting the 
external ground reaction forces and absorbing energy (Figure 37).  Just prior to toe off, 
there was a short and small positive aspect to the power curve indicating energy 
generation and a plantar flexion moment expressed by the muscles that cross this joint.  
In comparing mean plantar fasciitis curves to healthy, plantar fasciitis feet generated a 
reduced joint moment and absorbed less energy than healthy feet (Figure 37).  On 
average, PF feet produced a lower peak plantar flexion moment (p =0.49, ES=0.32) and 
absorbed less energy than healthy feet (p=0.49, ES=0.30) (Table 33).  
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Figure 37.  Mean metatarsophalangeal joint (MTPJ) moment (a) and power curves 
(b) with standard deviation bands for healthy (H) and plantar fasciitis feet 
(PF).    
 
Table 33. Mean (sd) peak vertical ground reaction forces, metatarsophalangeal joint 
(MTPJ) moments and energy.  Peak ground reaction forces associated with 
loading (GRF1) and push-off (GRF2) of walking gait were normalized to 
body weight (BW).  p values and effects sizes are for t-tests between feet. 
             
     Means      Effect 
Variable   Healthy Plantar Fasciitis  p  Size  
GRF1 (%BW)   1.080 (0.058) 1.076 (0.053)  0.37  0.08  
GRF2 (%BW)   1.067 (0.073) 1.032 (0.096)  0.04  0.40  
MTPJ Moment (Nm)  
Peak Plantarflexion 22.9 (7.7) 21.2 (6.2)  0.29  0.24 
MTPJ Energy (J) 
 Absorbed  11.0 (3.6) 10.0 (3.0)  0.49  0.30 
 Generated    1.2 (0.8)   1.3 (0.8)  0.95  0.03    
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Discussion 
The primary objective of this study was to determine whether energetics of the 
PIFM measured via 31P MRS before and after a walking protocol could provide 
reasonable intramuscular pH and Pi/PCr data.  The secondary objective was to determine 
whether chronic plantar fasciitis is characterized by changes in resting and post-exercise 
levels of pH and Pi/PCr.  To guide the interpretation Pi/PCr responses, MTPJ mechanical 
energy associated with walking was estimated.  In this study, the plantar fasciitis foot was 
compared to the contra-lateral healthy foot in a cohort of unilateral plantar fasciitis 
subjects who were of similar age to what has been described in the clinical literature 
(DeMaio et al., 1993; Davis et al., 1994). 
Phosphorus spectra obtained for the PIFM were characteristically shaped for 
intramuscular phosphorous metabolites, and the resting levels of pH and Pi/PCr were 
comparable to other reports (Coggan et al., 1993; Tartaglia et al., 2000; Lanza et al. 
2006).  Qualitatively, spectra from the present study were acceptable with resonant 31P 
peaks easily identifiable from one another and in particular, there was no merging of the 
γ-ATP and PCr peaks.  The spectra, levels of resting pH and resting Pi/PCr were similar 
to those obtained from gastrocnemius muscle (Coggan et al., 1993; Tartaglia et al., 2000), 
and to studies of tibialis anterior muscle using the same MRS system (Lanza et al. 2006).  
The present Pi/PCr and pH values are lower than those reported by Suzuki et al. (Suzuki 
et al., 2000) for intrinsic foot muscles (Pi/PCr range estimated from figure: 0.13 to 0.19; 
pH: 7.15).  Methodological differences versus the present study are likely to account for 
these differences, which include: diabetes versus healthy or plantar fasciitis, and 
centering position of the surface coil (first metatarsal head versus belly of flexor 
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digitorum brevis).  A high level of agreement with previous literature gave us confidence 
in these data. 
Our expectation that there would be no differences in resting Pi/PCr between 
healthy and plantar fasciitis feet was supported by these data.  Increased resting levels 
Pi/PCr have been shown in muscle damage (McCully et al., 1988), and various 
pathologies and diseases, such as muscular dystrophy, diabetes (Suzuki et al, 2000), 
peripheral vascular diseases, and mitochondrial myopathies (for a review, see Kent-Braun 
et al., 1995).  No such alterations in resting Pi/PCr have been reported in cumulative 
microtrauma injuries like plantar fasciitis, which suggests that trauma is not to the muscle 
or vasculature.  Furthermore, individuals with significant health problems were excluded 
from the study, and therefore, it was not surprising that there were no significant 
differences of the PIFM between healthy and plantar fasciitis feet.    
The mechanical energy of the MTPJ was estimated and the results suggested that 
mechanical work at push-off is unchanged with a chronic plantar fasciitis injury in 
comparison to a healthy state.  Power and energy calculations were performed as an 
indicator of the mechanical demand placed upon the PIFM in walking.  Despite the fact 
that all PIFM cross the MTPJ, several other passive and active tissues including some 
extrinsic foot muscles also cross the MTPJ.  Therefore, kinetics and energy results should 
not be interpreted as performed solely by intrinsic foot muscles.  However, we speculate 
that they are responsible for a large proportion of these moments and work.  The present 
MTPJ energy values were compared to those of Stefanyshyn and Nigg (1997) and Oleson 
et al. (2005) which were estimated in running and sprinting.  Overall, the present joint 
moment and power curves agree with these previous studies; the MTPJ moment was 
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plantarflexion and the power curves indicated predominantly energy absorption.  The 
energy absorbed was approximately 1/2 of running (4 ± 0.4 .0 ms-1) and 1/5 of sprinting 
(7.1 to 8.4 ms-1) (Stefanyshyn and Nigg 1997).  The differences seem reasonable given 
the large differences in locomotion speed.  It was found in this study that on average, 
peak ground reaction forces with propulsion, peak MTPJ plantar flexion moments and the 
energy absorbed were all greater in the healthy feet in comparison to plantar fasciitis feet, 
but were not statistically significant.  Given these trending differences between healthy 
and plantar fasciitis limbs, there may be changes in joint kinetics and power occurring 
more proximal to MTPJ which may only be realized with further examination and 
elaboration of the simplified inverse dynamics model presented here.  
To our knowledge, this is the first study to report estimates of metabolic response 
of the PIFM using 31P MRS in the context of walking.  As expected Pi/PCr increased, 
indicating that walking elicits ATP use within the PIFM (Chance et al., 1985).  These 
data agree with EMG studies which have demonstrated that PIFM are active in walking 
gait, from ~40% of stance and onward (Mann and Inman 1964, Gray and Basmajian 
1968).  On the other hand, the PIFM are silent in swing phase of gait (Mann and Inman 
1964), when bearing the weight of the foot and leg in a sitting position (Basmajian and 
Stecko, 1963), and when supine (Duranti et al., 1985).  Therefore, the increases in Pi/PCr 
were likely due to the mid- and late portions of stance phase of gait, with some metabolic 
recovery occurring during the swing phase and early stance.  Together with the power 
and moment curves, the Pi/PCr data suggest that PIFM were eccentrically active and 
absorbed energy in late stance phase, followed by a short period of energy generation 
with plantar flexion.  These data do not necessarily support or refute literature which has 
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recognized the importance of the intrinsic foot muscles in supporting the medial 
longitudinal arch (Fiolkowski et al., 2003; Wong, 2007; Headlee et al., 2008).  These data 
do, however, point to their other role in generating a plantar flexion moment at the MTPJ, 
absorbing and then generating energy in gait – a function of the PIFM which has been 
understated in the literature.  While other extrinsic foot muscles cross the MTPJ, the 
relative magnitudes of metabolic demand and mechanical work expressed by each 
individual PIFM cannot be resolved at this point in time.   
In 31P MRS studies of muscle energetics, exercise protocols typically entail 
ergometer guided isolated muscle contractions instead of more dynamic activities, such 
as walking.  Therefore, there are challenges in cross comparisons in work load and with 
Pi/PCr data.  Nevertheless, similar Pi/PCr have been reported for forearm flexion on a 
Cybex cycle ergometer at 0.8 watts per repetition (ramp protocol, contraction 120 degs-1, 
contraction of 0.5 seconds every 5 seconds, additional 5-10% of MVC each minute) 
(McCully et al., 1991) and two to five minutes of knee extensions at 2.61 Watts (40 
contractions per minute, work rate increased by 0.65 W every minute) (Takahashi et al., 
1995).  In general, it was found that the magnitudes of Pi/PCr post-walking in this study 
are consistent with a moderate level of muscle work.  
These data did not support the hypothesis that the relative increase in Pi/PCr 
would be greater in plantar fasciitis individuals, given the similar levels of MTPJ 
mechanical work.  Upon examination of the individual subject data, it was apparent that 
there were no noteworthy trends to support this hypothesis.  The metabolic demand at the 
PIFM appears to be subject specific regardless of a presence or absence of plantar 
fasciitis.  Some subjects exhibited a relatively high metabolic response (e.g. P30), while 
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others exhibited a low response (e.g. P21).  But, within a given subject, pairs of feet 
responded similarly.  This may be an indication of the different coordinative strategies 
associated with walking gait.  An injured plantar fascia via plantar fasciitis may not be a 
significant enough of an injury to elicit adaptations in muscle energetics.  From these 
data, we conclude that there is no evidence to suggest systematic and large asymmetries 
in the muscle energetics of plantar fasciitis feet in comparison to healthy feet.     
As a first step towards the use of 31P MRS for estimating muscle energetics 
associated with walking, limitations of this study should be considered in addition to 
those already mentioned.  A healthy control group was absent from this experimental 
design, therefore, the normal within-subject variability from the left to the right foot is 
not known.  This study made use of a small sample size, therefore, differences between 
healthy and plantar fasciitis feet may have been realized with a larger sample size.  
However, there were no trends to indicate that expectation at this point.  It is also possible 
that some incidental foot contractions occurred while subjects were in transit within the 3 
– 3.75 minute period from the last step of treadmill walking to the beginning of data 
acquisition.  Foot movement was minimized to our greatest ability with verbal 
discouragement, by not allowing the subject to bear weight and by use of a wheelchair.   
These data have significant research and clinical implications.  Refinement of this 
protocol may provide researchers with alternate methods of quantifying changes in 
metabolic demand associated with altered footwear designs, foot orthoses and foot 
pathologies such as the diabetes foot.  The finding that intrinsic foot muscles are 
metabolically active in walking gait supports the criticism directed at simplified 
biomechanical models.  Biomechanical models of human gait which exclude the smaller 
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joints of the foot like the MTPJ may lead to different support moments and ankle powers 
(Stefanyshyn and Nigg, 1997; MacWilliams et al., 2003).  Furthermore, these data may 
assist clinicians in the treatment and evaluation of patients which have compromised 
MTPJ function, such as in toe amputation, or joint deformity (e.g. hallux valgus) and 
reduced range of motion (e.g. hallux rigidus).   
In conclusion, this study draws attention to aspects of the foot which have been 
for the most part neglected in the literature: the muscle energetics of the PIFM and 
mechanical work performed at the MTPJ.  It was shown that it was feasible to use 31P 
MRS to detect changes in the intracellular energy metabolites of the PIFM in a pre- and 
post-walking protocol.  The data indicated that the intrinsic foot muscles were active in 
gait, and when interpreted along with MTPJ moment and power profiles, it was inferred 
that PIFM participated in the plantar flexor moment at the MTPJ and dissipated energy.  
In comparing the plantar fasciitis foot to the contra-lateral healthy foot, it appeared that 
there were no significant asymmetries in the metabolic response of the intrinsic foot 
muscles.  
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CHAPTER VII 
 
SUMMARY AND RECOMMENDATIONS FOR FUTURE STUDY 
Introduction 
In this chapter, we explore an underlying question and impetus for this 
dissertation; are these data consistent with how the compliant-rigid mechanisms are 
thought to unfold within the foot?  Up to this point in the document, the results and 
interpretations of Parts I, II and III have been discussed in their respective chapters and in 
isolation to one another.  The purpose of this chapter is to summarize the relevant results 
from all three Parts.  The chapter begins with a brief review of the current state of 
knowledge (see Chapter 2 for a more extensive literature review), followed by a summary 
of findings, and then concludes with some directions for further research.      
Traditional Perspective 
A fundamental belief about the foot is that during the stance phase of gait, there is 
a conformational change from a pronated foot posture to a supinated posture.  At heel 
strike and in early stance, it is believed that the foot is pronated and compliant so as to 
cushion impact forces and loading.  Later at pushoff, the foot is supinated and rigid for 
effective forward propulsion.  A failure to achieve these states at the appropriate times is 
thought to elicit compensatory mechanics, which over time may lead to injury (Root et 
al., 1977).     
There are three mechanisms which are believed to produce a compliant or rigid 
foot.  One of these mechanism pertains to the function of the mid-tarsal joint.  Forefoot 
pronation with respect to the rearfoot will lock the foot in a high arch position (Manter 
1941; Elftman 1960; Bojsen-Moller 1979).  In contrast, forefoot supination produces a 
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low arch position and a compliant foot.  Second, it has been shown that dorsiflexion of 
the first metatarsophalangeal joint (FMPJ) draws the medial longitudinal arch (MLA) 
into a high arch position (Hicks 1954).  This coupling termed the windlass mechanism, is 
mediated by the plantar fascia and has been observed to occur in late stance to produce a 
rigid foot.  Third, activation of the plantar intrinsic foot muscles (PIFM) is thought to 
increase the overall stiffness of the foot (Mann and Inman 1964; Basmajian and Stecko 
1963).  Moreover, when the PIFM are active, the forefoot plantar flexes on the rearfoot 
drawing the calcaneus and metatarsophalangeal joints closer, which yields a high arched 
foot and a supinated rearfoot.  Despite the alleged importance of these mechanisms, there 
is limited quantitative information to substantiate or refute whether these events actually 
take place. 
A Summary of Relevant Findings  
The results of this dissertation clearly indicate that the mechanics of the foot are 
more complicated than traditional compliant-rigid ideologies suggest.  Nuances to these 
ideologies were realized by studying gait characteristics of healthy feet using a multi-
segment foot model, kinematic and kinetic measurement, a dynamical systems approach, 
magnetic resonance imaging (MRI), and magnetic resonance spectroscopy (MRS).  These 
results are summarized in Table 34.   
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Table 34.  Summary of findings for healthy feet in the early, mid- and late periods of 
stance phase (RF: rearfoot; FF: forefoot; FMPJ: first metatarsophalangeal joint; 
MLA: medial longitudinal arch, MTPJ: metatarsophalangeal joint, PIFM: plantar 
intrinsic foot muscles). 
             
Variable  Stance Phase   Findings     
RF Kinematics Early, Mid   Eversion   
   Mid, Late   Inversion 
 
FF Kinematics Early, Mid   Dorsiflexed, Everted, Abducted  
Late    Plantar Flexion, Eversion, Adduction 
 
RF-FF   Early, Mid, Late  Anti-phase not most frequent mode  
 Coordination 
 
RF-FF   Early, Mid, Late  Increased with transitions 
 Variability   
 
FMPJ Kinematics Early, Midstance  Neutral position  
   Late    Dorsiflexion 
 
FMPJ-MLA  Late    Some deviations from windlass  
effect 
 
MTPJ Kinetics Late    Plantar Flexor Moment  
       Negative work 
 
PIFM Activity  Stance Phase   PIFM were moderately active 
             
 
Among the variables mentioned in Table 34, rearfoot kinematics have undergone 
the greatest number of quantitative investigations to date.  These rearfoot data were 
consistent with previous reports (Hunt et al., 2001).  From touchdown to midstance, the 
rearfoot everted, and then subsequently inverted for the remainder of stance.  These 
rearfoot kinematic findings are therefore consistent with the concept that in stance phase, 
the foot starts with a low arch posture than adopts a high arch posture.  
The present data challenges the observations of forefoot motion put forth by 
Bojsen-Moller (1979).  Based on his work, we expected a pronated forefoot posture from 
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early to mid-stance, with further forefoot pronation toward late stance.  These data 
confirmed that shortly after touchdown, the foot quickly assumed a pronated posture with 
forefoot dorsiflexion, eversion and abduction.  However, our data indicated that forefoot 
pronation does not occur in late stance as was previously suggested (Bojsen-Moller, 
1979).  Instead, late stance was associated with plantarflexion, eversion and adduction, 
movements which only satisfy one of the three components of tri-planar pronation.  The 
expectation that the forefoot dorsiflexes (Bojsen-Moller, 1979) has been refuted by this 
study and several others that have shown that the forefoot plantar flexes in late stance 
(Kayano, 1986, Hunt et al., 2001; Pohl et al., 2006; Leardini et al., 2007).  Therefore, 
there appears to be little evidence to support the belief that the forefoot pronates in late 
stance.  
Dynamical systems analyses (i.e. vector coding) indicated that the transition of 
the foot from a compliant to a rigid structure was more complex than an idealized 
counter-rotation of the rearfoot and forefoot couple.  The data did not support the 
expectation that there would be predominantly anti-phase movements between the 
couple.  An array of in-phase, rearfoot and forefoot movements were also necessary at 
pushoff.  In addition, results indicated that forefoot eversion was achieved primarily 
through rearfoot inversion (as opposed to being led by the forefoot).  Consistent with 
dynamical systems, there were generally increases in rearfoot-forefoot variability (critical 
fluctuations) that preceded and were coincident with changes in coordination modes 
(Kelso, 1984; Kelso, 1995).  Therefore, it appears that the use of dynamical systems and 
vector coding methods are appropriate paradigms for understanding the compliant-rigid 
transition and warrant further investigation. 
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The kinematic coupling of the FMPJ and MLA was not entirely consistent with 
the operations of the windlass mechanism (Hicks 1954).  Contrary to expectations, FMPJ 
dorsiflexion was not matched by rising of the MLA at 60% stance.  The MLA did not rise 
until approximately 80% of stance.  The delay in coupling may indicate the dominance of 
the forces associated with loading which tend to flatten the MLA.  Incongruities of the 
windlass mechanism were also seen in late stance when the FMPJ plantar flexed, but the 
MLA continued to rise.  Presumably, a rise in the MLA was due to plantar intrinsic foot 
muscle activity (Mann and Inman, 1964), which would produce a plantarflexion moment 
and movement of the midtarsal joint.  These data indicated that loading forces and the 
moments associated with intrinsic foot muscles should not be neglected when considering 
mediating factors of MLA kinematics.  
The results of this dissertation suggest that the role and potential of the PIFM are 
understated in the literature.  The MRI data indicated that these muscles are sizable.  The 
peak PIFM cross-sectional area is larger than that of the individual tibialis anterior, 
tibialis posterior, medial gastrocnemius and flexor digitorum longus (Fukunaga et al., 
1992; Kent-Braun et al., 2000).  For most subjects, walking elicited a moderate PIFM 
metabolic response, and therefore imposes a moderate work load on these muscles.  As 
stated earlier, PIFM activation is thought to increase stiffness across the joints of the foot, 
particularly at the midtarsal joint (Mann and Inman, 1964; Basmajian and Stecko, 1963).  
Furthermore, we explored the functions of the PIFM with an examination of MRS results 
together with metatarsophalangeal joint (MTPJ) kinetics.  In late stance, there was a 
MTPJ plantar flexion moment that absorbed energy, and then there was a brief and small 
magnitude of energy generation.  We speculate that the PIFM are responsible for a large 
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proportion of the MTPJ moment despite the fact that other passive and active tissues also 
cross the MTPJ.  Therefore, the MRS data, the MLA kinematic data, and the MTPJ 
kinetic data suggest that the PIFM play a significant role in gait.  Due to the difficulties in 
measuring PIFM in vivo, many studies overlook their functions and therefore, we believe 
that that the functions of the PIFM have been understudied and undervalued in the 
literature.  Further study of these muscles is warranted.     
Directions for Further Research 
This study supported, challenged, and provided new perspectives on how the foot 
functions as a mechanical system, but many questions about the foot remain unanswered.  
In this section we overview areas of potential research.   
Due to the overwhelming number of joints and structures within the foot, the 
intrinsic kinematics and kinetics of the in vivo foot are still not well understood.  
Progression of knowledge in this field is dependent upon continued developments in 
multi-segment foot models and improvements in motion capture technology.  In the last 
decade, there has been a steady influx of multi-segment foot models for motion capture.  
More research is needed to validate and to refine these models not only for typical 
biomechanical variables, but also for the newer non-linear dynamics and dynamical 
systems approaches.  Similarly, patient specific link segment models and inverse 
dynamics computations need further development to gain insight in to the bone-on-bone 
forces and moments expressed across joints.  For example, it would be a significant 
benefit to quantify the kinetics at the midtarsal joint.  It is such modeling that will 
ultimately enhance our understanding of the healthy foot, inter-subject differences, and 
various pathologies, such as club foot, local osteoarthritis, pes planus, and pes cavus.     
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There is very little data on the intrinsic foot muscles, and our research suggests 
that their mechanical contributions to the healthy foot should not be ignored.  Recently, 
the news media has rekindled old debates about barefoot running and heel-toe running 
versus forefoot striking.  These issues beg speculation about the role and importance of 
intrinsic foot muscles.  Hopefully researchers will be motivated to examine the intrinsic 
foot muscles more closely.  Due to the nature of these muscles, we utilized MRI and 
MRS techniques, methods that are outside of the traditional biomechanics laboratory.  
The use of MRS for the study of PIFM in gait is novel and has significant research and 
clinical implications.  Further development of this technique may provide researchers 
with alternate methods of quantifying changes in metabolic demand associated with 
altered footwear designs, foot orthoses and foot pathologies such as the diabetes foot.   
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APPENDIX A 
INFORMED CONSENT: PART I & II 
INFORMED CONSENT DOCUMENT 
University of Massachusetts 
Amherst, MA 01003 
 
Title:  Movement Analysis and Muscle Size in Plantar Fasciitis 
 
Principal Investigators: Ryan Chang, MS, Jane Kent-Braun, PhD and Joseph Hamill, 
PhD. 
   
Your written informed consent is required before you can participate in this project.  
Please read this document carefully and then sign your name on the last page if you agree 
to participate.  This document is in accordance with the Assurance of Compliance with 
the Office of Human Research Protection Regulations as approved by the Faculty Senate 
of the University of Massachusetts. 
 
Purpose:  The purpose of this study is to understand movement patterns of joints and 
how muscle size changes with plantar fasciitis.   
 
Eligibility:  To participate in this study, you must be 30 to 60 years of age and fit the 
criteria for one of these groups: 
 
Plantar Fasciitis Group:  You have had plantar fasciitis symptoms for more than 3 
months and have a low arch ratio. You have not had a steroid injection to your foot in the 
last 2 months.  You do not, and have no history of: severe structural foot abnormality, 
arthritis, neurological disorders, myopathies, cardiovascular disorder in the foot, foot 
infections and tumors.  
 
Healthy Group: You are in general healthy, and have no history of plantar fasciitis or 
other serious injuries. You must have a medium arch ratio.   
 
Definitions:  The following terms will used in this study: 
 
Arch Ratio. A length ratio measurement of arch height and foot length.  
 Medium: 0.265 - 0.319 & Low: < 0.2515 
 
Magnetic resonance imaging (MRI).  This technique uses radio waves and a large, 
superconducting magnet to obtain information about the size and shape of your muscles.    
 
Procedures:  
Screening I: Telephone Interview. Before you are studied, you will be screened by 
telephone interview for general health status, medical history, current medications and 
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usual physical activity habits.  If you pre-qualify and wish to participate in the study, we 
will invite you to the University of Massachusetts for qualifying measurements.  
 
Screening II: Body Measurements. This will be carried out at the University of 
Massachusetts, Biomechanics Laboratory (Totman Building Room 23).  You will 
complete a Modified Physical Activity Readiness Questionnaire and a Magnetic 
Materials Safety Questionnaire to ensure that there are no magnetic materials in your 
body.  We will measure your height and weight and your arch ratio.  If the inclusion 
criteria are met and you agree to participate, we will schedule two measurement sessions. 
We will end the session by making a plaster cast of your foot from which we will build a 
custom foot orthotic.   
 
1st Session: Motion Analysis. This will be carried out at the University of Massachusetts, 
Biomechanics Laboratory.  Reflective markers will be placed at various bony landmarks 
of your body and you will be asked to walk barefoot with these on.  The movements of 
the reflective markers will be captured by cameras as you walk into their recording area. 
You will be asked to perform approximately 20 to 40 trials with each trial lasting 
approximately 10 seconds. You will be provided with rest periods.  At the end of the 
procedure, all markers will be removed.  This session should take approximately 60 
minutes. 
 
2nd Session: MRI.  This study will be carried out at the Cooley Dickinson Hospital MRI 
Center.  We will reconfirm that you have no magnetic materials in your body.  After we 
ensure that you are free of magnetic objects, you will be taken into the MRI room where 
we will take images of your legs and feet. Your leg and foot on one side of your body 
will be imaged first, then we will repeat the process for the other side.  To protect your 
hearing during the imaging, you will be given earplugs or headphones to wear.  After you 
are positioned comfortably, we will slide the MRI bed into the scanner.  We will then 
collect anatomical images of your leg, which will provide information about the shape 
and size of your muscles.  During the imaging procedures, the table may shake slightly, 
and you will hear loud knocking noises.  This is a normal part of the imaging procedure.  
This procedure will take approximately 40 minutes. 
 
Possible Risks and Discomforts:  The following risks and discomforts are associated 
with the procedures described above.  
 
1st Session: Motion Analysis. For subjects who have plantar fasciitis symptoms, 
symptoms may increase slightly during data collections.  During any type of exercise, 
there are slight possibilities of health risks such as temporary fatigue and muscle 
soreness.   
 
2nd Session: MRI. When in the magnet, there is a very small possibility that the magnetic 
field will pull an iron-containing object into the magnet, which might result in physical 
injury.  However, precautions have been taken to prevent such an event from happening; 
loose metal objects, like pocketknives or key chains, are not allowed in the magnet room.  
If you have a piece of metal in your body, such as a fragment in your eye, aneurysm 
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clips, ear implants, spinal nerve stimulators, or a pacemaker, you cannot  participate in 
this study.   
 
One potential hazard of this MRI study is heating of the body due to use of radio waves.  
However, the MRI machine has safety devices that will prevent this from happening.  
Women who are pregnant, or trying to conceive, are discouraged from participating in 
MRI studies to due the potential risks associated with this procedure.  Your head will be 
at the opening of the magnet; however, you may be bothered by feelings of 
claustrophobia, or by the loud noise during this study. Temporary hearing loss has been 
reported from this loud noise, so you will be asked to wear earplugs or headphones.  If at 
any time you feel too claustrophobic or too uncomfortable to continue, the study will be 
stopped immediately. 
 
Confidentiality:  Your identity and records will be kept confidential.  While results from 
this study will be shared with other researchers, no individual identities will be used in 
any reports or publications resulting from this study. 
 
In Case of Injury:  In the unlikely event of injury resulting directly from participation in 
this study, we will do everything we can to assist you in seeking medical treatment.  The 
University of Massachusetts will not provide compensation for medical treatment you 
obtain.   
  
Benefits:  You will receive no direct benefit from participating in this study.  Any 
information that is obtained from this study will be made available to your physician, 
upon request.  The purpose of these studies is to provide the investigators with 
information that will help us understand how plantar fasciitis affects joint motion and 
muscle size.  This information ultimately may have a positive impact on the treatment of 
plantar fasciitis. 
 
Costs and Reimbursement:  No costs will be charged to you if you participate in this 
study.  You will receive one pair of custom foot orthotics after completing the study. 
 
Withdrawal of Participation:  Participation in this research is voluntary.  You have the 
right to withdraw from this study at any time.   
 
Information:  You are encouraged to ask questions about the study.  The investigators 
will attempt to answer all of your questions to the best of their knowledge.  The 
investigators fully intend to conduct the study with your best interest, safety and comfort 
in mind.  Please address any questions regarding the study Dr. Joe Hamill, Ph.D. at 
jhamill@kin.umass.edu, or to Ryan Chang, M.S.  (413) 265-3440.  If you would like to 
speak with someone not directly involved in the research study, you may contact the 
Human Research Protection Office at the University of Massachusetts via email at 
humansubject@ora.umass.edu; telephone (413) 545-3428; or mail at the Human 
Research Protection Office, Research Administration Building, University of 
Massachusetts Amherst, 70 Butterfield Terrace, Amherst, MA 01003-9242. 
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Participant’s Name   Address 
 
            
Signature       Phone Number  Date 
 
______________________________   
Investigator Signature 
Department of Kinesiology 
 
 
  201 
 
APPENDIX B 
INFORMED CONSENT: PART III 
INFORMED CONSENT DOCUMENT 
University of Massachusetts 
Amherst, MA 01003 
 
Project Title:  Foot Muscle Activity in Plantar Fasciitis 
 
Principal Investigators:  Ryan Chang, MS, Jane Kent-Braun, Ph.D., Joseph Hamill, 
PhD 
 
Your written informed consent is required before you can participate in this project.  
Please read this document carefully and then sign your name on the last page.  This 
document is in accordance with the Assurance of Compliance with the Office of Human 
Research Protection Regulations approved by the Faculty Senate of the University of 
Massachusetts. 
 
Purpose:  The purpose of the study is to measure foot muscle work when walking with 
plantar fasciitis.  
 
Eligibility:  To participate in this study, you must have plantar fasciitis in one foot and be 
30 to 60 years of age.  You have had plantar fasciitis symptoms for more than 3 months 
and have a low arch ratio.  You have not had a steroid injection to your foot in the last 2 
months.  You currently do not and have no history of: severe structural abnormality of the 
foot, arthritis, neurological disorders, myopathies, cardiovascular disorder in the foot, 
foot infections and tumors.  
 
Definitions:  The following terms will be referred to throughout the study.   
 
MRS- magnetic resonance spectroscopy.  This technique uses radio waves and a 
large, superconducting magnet to study the energy supply of your muscle during 
exercise. 
  
Arch Ratio. A length ratio measurement of arch height and foot length. Low: < 
0.2515. 
 
Procedures:   
 
Screening I: Telephone Interview. Before you are studied, you will be screened by 
telephone interview for general health status, medical history, current medications and 
usual physical activity habits.  If you pre-qualify and wish to participate in the study, we 
will invite you to the University of Massachusetts for qualifying measurements.  
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Screening II: Body Measurements.  This will be carried out at the University of 
Massachusetts, Biomechanics Laboratory (Totman Building, Room 23).  You will 
complete a Modified Physical Activity Readiness Questionnaire and a Magnetic 
Materials Safety Questionnaire to ensure that there are no magnetic materials in your 
body.  We will measure your height, weight and your arch ratio.  If the inclusion criteria 
are met and you agree to participate, we will schedule a MRS measurement session. We 
will end the session by making a plaster cast of your foot from which we will build a 
custom foot orthotic. 
 
MRS Measurement.  This study will be carried out at the Yale University School of 
Medicine Magnetic Resonance Research Center.  You will be transported to and from 
Yale University at no expense to you.  We will reconfirm that you are free of magnetic 
objects and you will be taken into the MRS room.   
 
1) Pre-Walking MRS: You will lie on a firm plastic bed and we will be placing a coil 
under your foot.  The coil will help us record chemical changes in your muscle.  We will 
slide the bed into the center the MR unit. MRS should cause very little discomfort, and 
has no known side effects.   
 
2) Walking Protocol We will go to a nearby exercise room and you will walk barefoot 
on a treadmill for 7 minutes.  At the end of 7 minutes, we will inflate a blood pressure 
cuff above your ankle to above 220 mmHg and transport you by wheelchair back to the 
MRS room.   
 
3) Post-Walking MRS: The Pre-Walking MRS procedures are repeated with the a blood 
pressure cuff on your ankle.  The cuff will be inflated for about 10 minutes.   
 
Since we measure one foot at a time, this sequence (1-3) will be repeated for the other 
foot.   
 
Estimated time: travel to Yale (1.5 hours), data collection (2 hours), return trip (1.5 
hours). The total time is about 5 hours. 
  
Possible Risks and Discomforts:  The following risks and discomforts may be 
associated with the procedures described above. 
 
When the blood pressure cuff is inflated, you may feel: moderately uncomfortable, a tight 
squeezing on your ankle, and numbness in your foot.  This procedure poses no risk to 
you.  Upon release of the cuff, you may feel pins and needles in your foot.  You may also 
experience slight bruising on your ankle where the blood pressure cuff was inflated.   
 
When in the magnet, there is a very small possibility that the magnetic field will pull an 
iron-containing object into the magnet, which might result in physical injury.  However, 
precautions have been taken to prevent such an event from happening; loose metal 
objects, like pocketknives or key chains, are not allowed in the magnet room.  If you have 
a piece of metal in your body, such as a fragment in your eye, aneurysm clips, ear 
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implants, spinal nerve stimulators, or a pacemaker, you will not be allowed into the 
magnet room and cannot participate in these portions of the study.  One potential hazard 
of the experiments is heating of the body due to the radio waves.  However, the magnetic 
resonance instrument has safety devices that will prevent this from happening. Your head 
will be at the opening of the magnet; however, you may be bothered by feelings of 
claustrophobia and by the loud noise during this part of the study. Temporary hearing 
loss has been reported from this loud noise, so you will be asked to wear earplugs.  If at 
any time you feel too claustrophobic or too uncomfortable to continue, the study will be 
stopped immediately. 
 
Confidentiality:  Although precautions will be taken to ensure your privacy, 
participation in research may involve loss of privacy.  Your records will be kept as 
confidential as is possible under the law.  No individual identities will be used in any 
reports or publications resulting from this study. 
 
In Case of Injury:  In the unlikely event of injury resulting directly from participation in 
this study, we will do everything we can to assist you in seeking medical treatment.  The 
University of Massachusetts does not have a program for compensating subjects for 
injury or complications related to human subjects research but the study personnel will 
assist you in getting treatment.   
  
Benefits:  You will receive no direct benefit from participating in this study.  You may 
receive more precise information about your muscle’s metabolic capacity or its ability to 
produce energy.  Any information that is obtained from this study will be made available 
to your physician upon request.  The purpose of these studies is to provide the 
investigators with information, which ultimately may have a positive impact on the 
management of muscle function in aging. 
 
Costs and Reimbursement:  No costs will be charged to you if you participate in this 
study. You will receive a pair of custom foot orthotics upon completion of the study. 
  
Withdrawal of Participation:  Participation in this research is voluntary.  You have the 
right to refuse or to withdraw at any point in this study without jeopardy to your medical 
treatment.   
 
Information:  You are encouraged to ask questions about the study.  The investigators 
will attempt to answer all of your questions to the best of their knowledge.  The 
investigators fully intend to conduct the study with your best interest, safety, and comfort 
in mind.  Please address any questions regarding the study Dr. Jane Kent-Braun, PhD, at 
(413) 545-9477 or to Ryan Chang, MS, at (413) 265-3440.  If you would like to discuss 
your rights as a participant in a research study or wish to speak with someone not directly 
involved in the study, you may contact the Human Subjects Administrator at 
humansubjects@ora.umass.edu  (413) 545-3428. 
 
 
________________________________________________________________________     
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Participant’s Name   Address 
 
________________________________________________________________________     
Signature  Phone Number 
 
 
    
Signature of Principal or Co-Investigator 
Department of Kinesiology 
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APPENDIX C 
MAGNETIC MATERIALS SAFETY QUESTIONNAIRE 
 
Yale University School of Medicine 
Magnetic Resonance Research Center 
300 Cedar Street 
New Haven, CT  06510             
 
Name:                                                                                  Date of birth:            
Today’s date:                                         
 
Please read the following questions carefully.  It is very important for us to know if you have any metal devices or metal parts anywhere in your body.  
If you do not understand a question, please ask us to explain! If you answer yes to any question, please contact the principal investigator.   
 
1.  Yes   No  Do you have a heart pacemaker? (if you have a pacemaker, you cannot have an MRI) 
2.  Yes   No  Did you ever have a device implanted somewhere in your body like a heart defibrillator? 
3.  Yes   No  Did you ever have an aneurysm clip implanted during brain surgery? 
4.  Yes   No  Do you have a Carotid Artery Vascular clamp? 
5.  Yes   No  Do you have nerve stimulators (neuron-stimulators also called TENS or wires)? 
6.  Yes   No  Do you have any devices to make bones grow (like bone growth or bone fusion stimulators)? 
7.  Yes   No  Do you have implants in your ear (like cochlear implants)? 
8.  Yes   No  Do you have a Vagus nerve stimulator to help you with convulsions or with epilepsy? 
9.  Yes   No  Do you have a filter for blood clots (Umbrella, Greenfield, bird’s nest)? 
10.  Yes   No  Do you have embolization coils (Gianturco) in your brain? 
11.  Yes   No  Do you have implants in your eyes?  Have you ever had cataract surgery? 
12.  Yes   No   Do you have any stents (small metal tubes used to keep blood vessels open)? 
13.  Yes   No  Do you have an implanted pump to deliver medication? 
14.  Yes   No   Do you have an artificial arm or leg? 
15.  Yes   No  Do you wear colored contact lenses? 
16.  Yes   No  Do you wear a patch to deliver medicines through the skin?    
17.  Yes   No  Do you have shrapnel or metal in your head, eyes or skin? 
18.  Yes   No  Have you ever worked with metal? (For example in a machine shop)? If yes, we need to obtain orbit x-rays. 
19.  Yes   No  Have you ever had metal removed from your eyes by a doctor? 
20.  Yes   No  Have you ever had a gunshot wound?  Or a B-B gun injury? 
21.  Yes   No  Do you have body-piercing or jewelry on your body? 
22.  Yes   No  Do you have permanent eye liner? (We need to make sure it does not heat up during the MRI) 
23.  Yes   No  Do you use a hearing aid? 
24.  Yes   No  Do you wear braces on your teeth or have a permanent retainer? 
25.  Yes   No  Do you have a “shunt” (a tube to drain fluid) in your brain, spine or heart? 
26.  Yes   No  Do you have metal joints, rods, plates, pins, screws, nails, or clips in any part of your body? 
27.  Yes   No  Do you have a tattoo? (We need to make sure it does not heat up during the MRI) 
28.  Yes   No  Do you get upset or anxious in small spaces? 
29.  Yes   No  Do you have kidney disease, need dialysis or have diabetes? 
30.  Yes   No  Do you have asthma? Have you ever had an allergic reaction? If yes, to what? __________________ 
31.  Yes   No   Have you ever had any surgery? Please list all ___________________________________ 
FOR WOMEN 
32.   Yes   No  Are you breastfeeding? 
33.   Yes   No  Do you use a diaphragm, IUD, or cervical pessary? 
34.   Yes   No  Do you think there is any possibility that you might be pregnant? Date of last menstrual period  _______ 
FOR MEN 
35.   Yes   No  Do you have a penile implant? 
 
 
Weight _______________________________     Height __________________________________ 
 
 
Signature: _________________________________________________  Date: ___________________________________ 
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APPENDIX D 
SUBJECT QUESTIONNAIRES 
Screening I: Telephone Interview    Date (MM/DD/YY): 
______/______/______ 
Last Name ______________________  First Name  _______________________ 
 
Phone #      
 
Age (yrs) ______________    Gender:  Female / Male 
            
  
Yes No Plantar Fasciitis Dx?   Right / Left / Both  
How long?    
Yes No Do you have heel pain regularly? 
Yes No  Walk with a limp     
Yes No  Have first step or AM pain 5 times of more?  
Low High  Describe your arch type      
         # Hours per day spent on your feet. Activity:    
Yes No  Cortisone shot?  How long ago?:    
 
What treatments have you tried? Eg., orthotics, rest, ice, PT, splint, DPM 
            
            
 
Current health status (general)         
 
Are you on medication?           
 
Yes No Do you or have a significant past medical history?      
             
 
Yes No Is there any physical reason why you should not follow a physical activity program even 
program even if you wanted to?       
Yes No Do you have physical limitations?      
Yes No Do you have any heart problems?     
Yes No Do you smoke cigarettes?     
Yes No Do you have diabetes?   
Yes No Do you have allergic reactions?      
 
 
Yes No Do you use foot orthoses or insoles? 
Yes No Do you or have you had swelling of discoloration of your feet?     
 
Yes No Do you have claustrophobia? 
Yes No Are you pregnant or trying to become pregnant? 
Yes No Do you have metallic implants or any metal in your body?     
 
Participation Status:   O Plantar Fasciitis O Healthy  O Inappropriate 
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Screening II:       Date (MM/DD/YY): 
______/______/______  
Modified Physical Activity Readiness Questionnaire 
 
1. Yes No Has your doctor ever said you had heart trouble or a heart murmur? 
 
2. Yes No Do you ever suffer pains in your chest? 
 
3. Yes No Do you ever feel faint or have spells of severe dizziness, passed out, 
   palpitations or rapid heart beat? 
 
4. Yes No Has the doctor ever told you that your blood pressure was too high? 
(systolic > 160 mm Hg or diastolic > 90 mm Hg on at least 2 separate 
occasions) 
 
5. Yes No Do you smoke cigarettes? 
 
6. Yes No Do you have diabetes? 
 
7. Yes No Do you have a family history of coronary or other atherosclerotic disease 
in parents or siblings prior to age 55? 
 
8. Yes No Has your serum cholesterol ever been elevated? 
 
9. Yes No Is there any physical reason not mentioned here why you should not  
   follow an activity program even program even if you wanted to? 
 
Below please provide an explanation for any of the questions to which you answered YES. 
______________________________________________________________________________
______________________________________________________________________________ 
Body and Foot Measurements 
 
Height:   _____ Feet, _____ Inches    or ________ cm  
 
Weight: ________________lbs   or _________ kg 
 
 
Total Foot Length:     mm 50% FL:    mm 
 
Dorsal Foot Height (at 50% FL):       mm  
 
Truncated Foot Length (heel to centre of 1st MTPJ):      mm 
 
Arch Ratio (DFL/TruncFL):       
 
 
Arch type based on arch ratio (circle):  Planus (< 0.2515)   Normal 
(0.265 - 0.319)  
  208 
 
APPENDIX E 
REVISED FOOT FUNCTION INDEX 
PAIN 
 
PLEASE READ BEFORE ANSWERING. 
 Please circle the number that indicates how bad your foot pain was in each of the following situations during the past week. 
 For example, when asked how severe your foot pain was at its worst, if you feel “No pain,” circle the number 0 and if you felt the 
“Worse pain imaginable,” circle the number 5. 
 Please provide an answer for every item. 
 
DURING THE PAST WEEK, HOW SEVERE WAS YOUR FOOT PAIN: 
 
                 No          Mild      Moderate           Severe           Very       Worst 
                pain           pain         Pain            pain          severe         pain    
                         pain     imaginable 
1.  Before you get up in the morning?.................. 0  1  2  3  4  5  
 
2.  When you first stood without shoes? ……….. 0  1  2  3  4  5  
 
3.  When you stood wearing shoes? …………….  0  1  2  3  4  5  
 
4.  When you walked wearing shoes? ………….. 0  1  2  3  4  5  
 
5.  At the end of a typical day? ………………… 0  1  2  3  4  5  
  
 
Total Pain Score (0-25 points):          _____ 
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STIFFNESS 
 
PLEASE READ BEFORE ANSWERING. 
 Please circle the number that indicates how bad your foot stiffness was in each of the following situations during the past week. 
 For example, when asked how severe your foot stiffness was before you get up in the morning, if you feel “No stiffness,” circle the 
number 0 and if you felt the “Worst stiffness imaginable,” circle the number 5. 
 Please provide an answer for every item. 
 
DURING THE PAST WEEK, HOW SEVERE WAS YOUR FOOT STIFFNESS: 
 
                       No          Mild      Moderate          Severe           Very       Worst 
             stiffness          stiffness      stiffness         stiffness          severe      stiffness 
                      stiffness    imaginable 
 
1.  Before you get up in the morning?................. 0  1  2  3  4  5  
 
2.  When you first stood without shoes? ……… 0  1  2  3  4  5  
 
3.  When walked without shoes? ………………  0  1  2  3  4  5  
 
4. When you stood wearing shoes? ……………  0  1  2  3  4  5  
 
5.  When you walked wearing shoes? …………  0  1  2  3  4  5  
 
6.  Before you went to sleep at night? ………… 0  1  2  3  4  5  
 
Total Pain Score (0-30 points):          _____ 
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DIFFICULTY 
 
PLEASE READ BEFORE ANSWERING. 
 Please circle the number that indicates how much difficulty you had performing each activity because of your foot problems 
during the past week.  
 For example, when asked how much difficulty your foot problems caused when climbing stairs, if you had “No difficulty,” circle 
the number 0 and if it was “so difficult [that you were] unable”, circle the number 5. 
 Please provide an answer for every item. 
 
DURING THE PAST WEEK, HOW MUCH DIFFICULTY DID YOUR FOOT PROBLEMS CAUSE YOU:  
 
                       No          Mild      Moderate          Severe           Very         So 
            difficulty         difficulty     difficulty         difficulty          severe      difficult 
                     difficulty       unable 
 
1.  Walking outside on uneven ground? ……… 0  1  2  3  4  5  
 
2.  Walking four or more blocks? …………… 0  1  2  3  4  5  
 
3.  Climbing stairs?  …………………………. 0  1  2  3  4  5  
 
4.  Descending stairs?  ………………………. 0  1  2  3  4  5  
 
5.  Standing on tip toes?  ……………………. 0  1  2  3  4  5  
 
6.  When you carried or lifted objects weighing  
 more than five pounds? ……………….. 0  1  2  3  4  5  
 
7.  Getting out of a chair? …………………….. 0  1  2  3  4  5  
 
8. Walking fast?  …………………………….. 0  1  2  3  4  5  
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9. Running?  …………………………...……. 0  1  2  3  4  5  
 
10. Keeping your balance …………………… 0  1  2  3  4  5  
 
Total Pain Score (0-50 points):          _____ 
 
 
ACTIVITY LIMITATION 
 
PLEASE READ BEFORE ANSWERING. 
 Please circle the number that indicates how often you performed each of these activities in the past week because of your feet. 
 For example, when asked how often you limited outdoor activities because of foot problems, if limited “None of the time,” circle 
the number 0 and if limited “All of the time,” circle the number 5. 
 Please provide an answer for every item. 
 
DURING THE PAST WEEK, HOW MUCH TIME DID YOU: 
 
                   None  of      A little of     Some of       Much of        Most of       All of  
            the time       the time      the time       the time           the time         the time 
1.  Stay indoors most of the day because of 
 foot problems? …………………..  0  1  2  3  4  5  
 
2.  Limit your outdoor activities because  
of foot problems? ……………….  0  1  2  3  4  5  
 
3. Limit your leisure/sport activities 
 because of foot problems …………..  0  1  2  3  4  5  
 
Total Pain Score (0-15 points):          _____ 
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SOCIAL ISSUES 
 
PLEASE READ BEFORE ANSWERING. 
 Please circle the number that indicates how often you experienced the following feelings in the past week because of your feet. 
 For example, when asked how often you felt awful because of foot problems, if you felt awful “None of the time,” circle the 
number 0 and if you felt awful “All of the time,” circle the number 5. 
 Please provide an answer for every item. 
 
DURING THE PAST WEEK, HOW MUCH OF THE TIME DID YOU EXPERIENCE: 
 
                   None  of      A little of     Some of       Much of        Most of       All of  
             the time       the time      the time       the time           the time         the time 
1.  Embarrassment due to footwear? ………. 0  1  2  3  4  5  
 
2.  Feeling awful because of foot problems? … 0  1  2  3  4  5  
 
3.  Limit social activities due to foot problems?  0  1  2  3  4  5  
 
4.  Difficulty participating in social activities 
 due to footwear?……………………  0  1  2  3  4  5  
 
5.  Burden of taking medication to control  
foot pain? ……………….   0  1  2  3  4  5  
 
6.  Concern about limited work around the house? 0  1  2  3  4  5  
 
Total Pain Score (0-30 points):          _____ 
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APPENDIX F 
QUANTIFYING REARFOOT−FOREFOOT COORDINATION IN HUMAN 
WALKING 
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APPENDIX G 
GENERALIZED FOREFOOT MODEL SEGMENT RESULTS 
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Figure 38.  Forefoot kinematic time series during stance period in plantar fasciitis 
(PF) and healthy control subjects (CON).  Data are means the a) sagittal, b) 
frontal and c) transverse planes.  Bands indicate standard deviations (CON: 
light/grey and PF: dark/orange). 
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Figure 39.  The angle-angle diagrams and respective coupling angle–time graphs for 
the rearfoot (RF) -forefoot (FF) couple in the sagittal (a,d), frontal (b,e) and 
transverse planes (c,f).  Insets provide a guide to the coordination mode 
associated with the orientation of the coupling angles. (+) indicates 
touchdown of the stance phase. 
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Figure 40.  Mean rearfoot-forefoot coupling variability the sagittal (a), frontal (b), 
transverse (c) planes.  Solid line PF, dotted CON.   
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